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DOCTOR LUIS F. LELOIR, EL INVESTIGADOR* 
por el Académico Titular Dr. VENANCIO DEULOFEU 
Conoci al Dr. Luis Federico Leloir en el 
año 1932, cuando comenzó a trabajar en el 
Instituto de Fisiología de la Facultad de Me-
dicina, que dirigía el Dr. Bernardo A. Hous-
saY. Tuvo su primer lugar de -trabajo en el 
m<Ís grande de los recintos que existían en el 
sótano del Instituto, cuyo moblaje principal 
y m<is lujoso, lo constituían una media doce-
na ele mesas con tapa de lava, espléndida esta 
última, y que si no fuera por su tamaño se-
rían hoy piezas de colección. Cada investiga-
dor podía disponer de una mesa, y a veces 
de un anexo que era otra mesa, esta vez de 
azulejos, adosada a una ventana, con un pe-
queño armarito de madera en un extremo. 
El labora torio contenía un aparato impor-
t;¡nte, una centrífuga, en la cual podían co-
locarse tubos de 250 ml. y otros aparatos me-
nos importantes, por.. su precio, como los co-
lorímetros de Dubosq, o los aparatos de van 
Slyke para determinar reserva alcalina. La 
limpieza del material debía ser realizada por 
quien lo empleaba, en especial aquellos que 
recién se iniciaban. Con el tiempo podía bus-
carse quien se ocupara de hacerlo, si se clis-
pon ía ele ciertas dotes y medios de convicción. 
La limpieza tenía menos importancia que ac-
tli<~lmente, pues ;¡fortunadamente tanto la 
oomatografí;¡ en p;¡pel como en placa fina 
no ex istÍ<lll, lo cual permitían calificar ele 
"puras'' <1 muchas substancias que hoy no lo 
sería n. Por otJ-;¡ part-e, [uera de las drogas m;Ís 
empleadas, las restantes debím1 ser prepara-
·cl as por los interesados La investigación bio-
química y biológica , no h<1bía ¡:¡Ún llegado a 
ser ''big business" . 
En ese ambiente, se inició Leloir en la in-
vestigación científica. Se había recibido de 
médico, y asistido a algunos servicios clínicos 
en los hospitales Ramos Mejía y de Clínicas, 
donde ha bí<L escuchado comentarios favora-
bles sobre los traba jos que se efectu¡:¡ ban en 
el InstituLO. No hacía mucho tiempo que 
Houssay había dado a conocer una serie de 
ir.vestigacioncs de mucha importancia, e(ec-
tuadas en parte en colaboración con el Dr. 
Alfredo Biasotti, demostrando el papel de la 
hipófisis en el metabolismo de los hidratos 
de carbono. El Dr. Carlos Bonorino Udaondo, 
a cuyo servicio del Hospital de Clínicas con-
curría el Dr. Leloir, lo presentó al Dr. Hous-
say para que le diera un tema de tesis, que 
real izaría en el Instituto. El tema elegido con-
sistió en estudiar el papel de las suprarrena-
les en el metabolismo ele los azúcares. 
En realidad, el ambiente físico donde se 
trabajaba estaba ampliamente compensado 
por la calidad del Director del Instituto, a 
quien se habían sumado, atraídos por su pres-
tigio, un buen número de personas qhe iba 
en aumento, interesadas en iniciarse en la in-
vestigación biológica y biomédica y que con-
currían a trabajar en forma continua y siste-
mática. Se había formado un grupo con inte-
rés general en favor del progreso de la cien-
cia argentina, pues consideraba que su desa-
rrollo era de Importancia para el adelanto 
futuro del país. 
Leloir trabajaba en forma disciplinada. 
Llegaba y partía a horas casi fijas. Dedicado 
a su labor, conversaba poco, almorzaba fru-
galmente en el Laboratorio y solía descansar 
fumando un cigarrillo. 
Los resultados que obtuvo le perm1t1eron 
presentar su tesis de Doctorado con el título 
de "Suprarrenales y metabolismo de los hi-
clratos de carbono" que mereció el Premio 
Facultad del año 1934. Entre 1933 y 1935 par-
ticipó junto con Houssa y, Novelli, Dambrosi. 
Foglia, del Castillo y Fernández, en una serie 
de publicaciones vinculadas con ese tema, que 
aparecieron en la R evista de fa Sociedad Ar-
gentina de Biología y en los Comptes R endvs 
de la Societr de Biologie de Paris. 
Durante esos años Leloir vivió en un am-
biente donde se desarrollaban varias líneas 
ele investigación. Conoció y trató a quienes 
trabajaban en ellas, interesándose en las mis-
mas, en las metódicas y en Jos equipos que se 
* Del Boletín ele la .\ caclcmia ?\acional de \Icd icina. Yol. 50. p. 6, 1972. 
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empleaban. Es evidente que en esa época ,co-
menzó a interesarse en la bioquímica, que 
pensaba que podía aclarar los mecanismos 
íntimos de los procesos fisiológicos. 
Cuando el Dr. Houssay le aconsejó que pa-
sara un tiempo en un laboratorio extranjero, 
la decisión Iue elegir un lugar donde se cul-
tivara la bioquímica. Se e ligió uno de los me-
jores, el de la U niversidad de Cambridge, cuyo 
Director, Frederick Gowland Hopkins, es hoy 
una figura legendar ia de la época inicial d e 
las investigaciones bioquímica,, a quien se de-
bió la apertura ele nuevas ramas ele las mismas. 
Leloir había adquirido una personalidad 
ddinicla durante los afíos que había perma-
necido en el Instituto. Al despedirlo con mo-
tivo de su partida a Inglaterra pude decirle: 
"Constituye un raro ejemplo de inLerés por 
los m;ís diversos temas científicos. No conozco 
capítulo alguno ele las ciencias físico-químicas 
y biológicas que no le preocupe. Desde la es-
tructura del núdeo atómico hasta Jos princi-
pios de la termoclin;ímica, pasando por el 
c;ílculo diferencial y desde la fisiología de las 
suprarrenales hasta la radiación mitogenéti-
ca, a través de los problemas de la respiración 
celular o del quimismo muscular; LOdo le ll a~, 
m a la atención y le a trae. Lee sobre todos los 
ttmas y pregunta también sobre Lodos. Y esto, 
que a la edad adulta puede ser inconveniente, 
resulta en la suya una ventaja. Y como .tiene 
1eceptividacl para los nuevos conocimiemos, 
no me cabe la menor el u da q u'e ha ele a prove-
char su estada en Cambridge en forma de-
bida". 
En Ca m bridge, Lelo ir se inició en las técni-
cas enzim<Íticas trabajando con Eclson, Dixon 
y David E. Green. Volvió de Inglaterra no 
sólo con nuevos conocimientos, si no con la 
experiencia ele haber vivido en una escuela 
destarada por sus investigaciones. Trajo con-
sigo una buena parte de l equipo para poder 
iniciar investigaciones sobre enzimología en 
el Instituto ele Fisiología. Dispuso de todo un 
laboratorio, relativamente amplio, que luego 
se [ue expandiendo, pero el habitat fue siem-
pre el sótano del Instituto. 
Allí comenzó sus nuevos trabajos. Con J. 
l\f. fuñoz, guíen se había interesado en el 
Lema, estudiaron la oxidación enzimática del 
alcohol y posteriormente la oxidación de los 
;ícidos grasos por enz im as del hígado, descri-
biendo por vez primera una preparación libre 
de cé lul as capaz ele produórla. 
Poco después, Leloir y 1\.fuñoz se integra-
ron al grupo formado por Eduardo Braun 
Menénclez, .Juan Carlos F asci o lo y r\1 berto 
C. Taquini, que investigó y aclaró el meca-
nismo ele la hipertensión arteria l ele origen 
nefrógeno. Demostraron que Ja substancia 
responsable de esa hipertensión era una pro-
teína producida en el riñón, la r enina , que 
actuando sobre otra substancia proLeica de 
la sangre, determinaba la producción de po · 
lipéptidos hipertensores, actualmente llama-
dos angiotensinas (a l comienzo le dieron el 
nombre ele hipertensina) . 
Eduardo Braun lVIenéndez me ha contado 
en más de una ocasión, cómo Leloir señalaba 
que la formación de hipertensina tenía todos 
los aspectos de deberse a u na reacción enzi-
m;ítica. Cuando se encontraron las condicio-
nes adecuadas, pudieron demostrar-que la re-
ni na actuaba como una enzima, frente a un 
subs trato proteico ex istente en el suero. Los 
resultados el e estas investigaciones fueron con-
densados en un libro que con el nombre de 
' 'Hipertensión Arterial -Ne frógena" , se publi-
có en 194 3 y obtuvo e l tercer Premio Nacional 
de Cien cias con:.esponclienLe al trienio 194 2-
1911'1. Fue posteriormente traducido al ingl és 
y al italiano. 
E n ese ar1o Leloir casó con r\melia Zuber-
bi.i hl er, quien lo ha acompañado y se ha in-
ttresaclo siempre por sus trabajos y con una 
gran compre nsión por la labor que realiza, lo 
ha estim ulado, apoy;inclolo continuamente en 
su quehacer diario. 
Viajaron ese mismo aí'ío a los Estados Uni-
dos, donde Leloir Lrabajó primero en el La-
boratorio ele Carl F. Cori, en la Universidad 
de 'Vash ington, en San Luis, y luego se tras-
ladó a la Universidad d e Columbia en Nueva 
York, donde se unió nuevamente con Davitl 
E . .Creen, su antiguo compañero de Lareas en 
Cambridge. 
A su regreso volvió al Instituto ele Fisiolo-
gía, nuevamente .dirigido por Houssay, quien 
había si do obligado a dejar el cargo por un 
Liempo. En esa época retornó al país Ranwel 
C<lputto, gue se había iniciado en los est udios 
e nzimológicos en Córdoba junto con Alberto 
l\farsal y quien como becado de la Asociación 
ArgenÜn<l para el Progreso ele las Cienci as 
había trabaj ado en Cambridge, en el mismo 
l<tboratorio que Leloir. Caputto recibió una 
beca interna espec ial ele b Asociación y se 
asoc ió con Leloir, iniciando una investiga-
ción sobre l<l síntesis de la lanosa en la glán-
. ,.. 
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el u la mamaria. El problema presentó dificul-
t.tdes que los ilidujeron a es tudiar el meca-
nismo de la fermentación de la galactosa en 
microorganismos, lo que determinó la incOl~­
poración de Raúl E. Trueco a esos trabajos. 
Fue en esa época cua ndo Jaime Compomar 
ofrec ió al Dr. Bernardo A . Houssay crear con 
su esposa, en memoria de sus padres, un la-
boratorio de investigaciones bioquímicas. Casi 
al mismo tiempo, Houssay debió alejarse nue-
Yamente de la Facultad y vo lvió a dedicarse 
al J nsti tu to de JVJ edicina y Biología Experi-
mental, fundado por acción ele un grupo de 
personas, para que pudiera cont inu ar inves-
tigando, cuando se había producido el episo-
dio <le su primer retiro. Al mismo tiempo se 
trasladaron también Leloir, Caputto y True-
co hasta que pudieron alquilar una casa ve-
cina. En esa casa tuvo lugar la inauguración 
formal, en 1917, del Jnsti.tuto de Investiga-
cienes Bioquímicas Fundación Campomar. 
El grupo de trabajo se había aumen tado con 
la incorporación ele Carlos E. Cardini y de 
Alejandro C. Palaclini . 
Fue en ese lugar donde se efectuaron impor-
t<: n tes hallazgos g u e abrieron nuevos rumbos 
al conocimiento del metabolismo molecular 
df: los hidratos ele ·carbono. Los mismos no 
f11eron cleterminados~por un camb io ele tema 
sino por el contrario, en el empefío de conti-
nuar estudian do e l metabolismo ele la lactosa, 
esta vez empleando un microorganismo, el 
Saccf/(11'0111)'Ces [ragilis. En 1948, en un traba-
jo firmado por Leloir, Trueco, Caputto y 
Mittelman, clan e u en t1 ele la presencia en di-
cha levadura ele una enzima que cata liza la 
fo1 m;:¡ción de galactosil- 1-fosfa to a partir ele 
galactosa y de ATP. Encontraron que esta 
wstancia se meta bol iza de acuerdo a las si-
guientes transformaciones: 
Calacto~a-1-fosfato ~ Glurosa-1-fosfato 
~ C lu cw,a-6-fosfato ( 1) 
La transformación de la glucosa-1-fosfato en 
su isómero la glucosa-6-fosfato, ca talizacla por 
la fosfoglu comutasa, necesitaba un factor ter-
moestable (coenzima) para que la enzima 
pudiera ejercer su acción. . 
En muy poco tiempo aislaron dicho factor 
y determinaron que era la glucosa-! ,6-difos-
fato. Ha recibido en la literatura el nombre 
de ester de Leloir y fue la primera coenzima 
liclacl , que no aclaró sin embargo el problema 
ele la transformación de la galactosa-1-foslato 
en gl ucosa-1-fosfato, vale decir de la primera 
de .Jas dos etapas indicadas en la ecuación J. 
Profundizando el estudio, encontraron tam-
bién que para esa primera etapa era necesa-
rio Lin factor termoesta ble. En 1949 pudieron 
demostrar esa necesidad y un año después 
describir su purificación e identificación. Era 
un clinucleótido con una estructura que se en-
contraba por vez primera en los organismos. 
Por esta razón y por la importancia gue su 
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Est;i formado por la condensación del ;\ciclo 
uridílico con la glucosa-1-fosfato por medio 
de uniones fosfóricas y se lo denomina uridi-
na-difosfo-glucosa (= UDPG) . Resultó nece-
sario para que pueda actuar la enzima gue 
c;;, taliza la transformación de la glucosa en 
ga lactos;:¡, la cual se produce sin que ninguno 
ele los dos azúcilres se libere del clinucleóxiclo, 
obteniéndose uridina-difosfo-galactosa (UDP-
Gal). 
Esta reacción fue estudiada con mucho de-
talle por Leloir (1951) quien demostró, em-
pleando la enzima de S. fragi!is, que es re-
versible: 
UDPG ~ lJD PGal 
y que en el equ ilibrio, un 25% es UDPGal. 
Leloir escribió las reacciones de transfor-
mación en la siguiente forma: 
Galactosa-J-fosfato + UDJ>-g1ucosa ~ 
fato + UDP-D-galactosa 
DDP-D-galaclosa ~ UDP-D-gluco. a 
Glucosa-1-fos-
(2) 
que se aisló en el laboratorio y en el país. las cuales s umadas indican la transformación 
La identificación ele la coenzima de la fos- qu.e ocurre 
foglucomat;:¡sa fue un trabajo ele la mejor ca- Galactosa-1-fosfato ~ G1ucosa-1-fosfato 
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Esta coenzima, la UDP-glucosa, adquirió 
con el tiempo importancia considerable, por-
que se demostró que su función no estaba 
restringida a la interconversión de los mono-
sacáridos mencionados, sino porque aotuaba 
en muchas otras reacciones de importancia 
metabólica. Además señaló el comienzo del 
hallazgo en los organismos animales y vegeta-
les de una larga lista de factores co-enzimáticos 
de estructura similar, en los cuales la base 
piridínica que la forma, el uracilo, puede es-
tar sustituida por otras que pueden ser tanto 
de la serie pirimidínica como de la serie de 
las purinas, al igual que la glucosa o la ga-
lactosa pueden ser reemplazadas no sólo por 
otros monosacáridos sino también por sustan-
cas de estructura más simple, como el glicerol 
o el ribitol o más complejas como cuando son 
sustitu idas por el ácido murámico que a su 
vez está unido a un pequeño péptido. 
Los primeros estudios que demostraron que 
la glucosa del UDPG podía intervenir en 
reacciones de transferencia, cuando se encuen-
tra el aceptor adecuado, fueron realizados en 
el laboratorio ele Leloir. Con Cabib demos-
u·aron (1953), que los extractos de levadura 
contienen una enzima que cataliza la trasfe-
rencia de la glucosa a la glucosa-6-fosfato que.. , 
actúa como receptor, formándose trehalosa 
fosfato, ester fosfórico del disacárido trehalo-
sa. Poco después Leloir y Cardini (1953-1955) 
demostraron que cuando el aceptor es la fruc-
tosa o la fructosa-6-fosfato, se forman respec-
tivamente sacarosa o sacarosa-fosfato, mecanis-
mo que produce uno de los disacáridos más 
distribuidos en los vegetales y posiblemente 
el producto natural que se produce indus-
trialmente, con elevada pureza, en mayor can-
tidad. Simult;íneamente aislaron algunas nue-
vas coenzimas de dicho grupo. Cabib, Leloir 
y Cardini (1953) obtuvieron la UDP- -ace-
til-glncosamina, Cabib y Leloir (1954) la gua-
nosin-clifosfato-manosa y Pontis (1955) la 
UDP- 1-acetil-galactosamina. 
La importancia de las reacciones en que 
estos dinucleótidos intervenían produjo una 
expansión de sus estudios, que se iniciaron en 
muchos Jabor;~.torios y la l1sta de los que se 
han obtenido y de sus funciones es impresio-
nante. 
En estos momentos en que se discute mu-
cho en todo el mundo sobre el apoyo que 
de6e prestarse a la ciencia pura, o a la inves-
tigación por la investigación misma, convie-
ne seí'íalar que los hallazgos de Leloir y co-
laboradores, cuyos trabajos no creo que es tu-
vieron motivados por una posible utilidad 
futura, han producido desde la primera épo-
ca una ampliación e~1 el conocimiento de más 
de un problema de naturaleza médica. Pue-
den darse dos ejemplos: los estudios de Kalc-
kar han demostrado que la galactosemia de 
los niños se debe a la disminución o caren-
cia congénita de la enzima que cataliza la 
transferencia indicada en la ecuación (2) lo 
que determina la acumulación de galactosa-
1-fos(a.to y de galactosa en el organismo; otro 
ejemplo ha sido la demostración que la trans-
ferencia de ácido gl ucurónico en los organis-
mos, a sustratos normales, como la bilirrubi-
na , para formar el producto conjugado o bien 
a sustratos extraños, como los alcoholes y los 
fenoles, en los procesos llamados de d esinLOxi-
cación, se realiza a partir de UDP-ácido glu-
curónico, que a su vez se forma por oxidación 
de la glucosa que forma parte del UDPG. 
Si se piensa que ahora se conoce que estas 
coenzimas intervienen en la formación de gli-
cosidos animales y vegetales, en la formación 
el e polisacáridos como el almidón y el glucó-
geno, en la biosíntesis ele los ácidos hialuró-
ni cos, y ele sustancias que forman parte de las 
paredes celulares, se tiene un panorama ele la 
importancia del hallazgo del UDPG, que pa-
recía ser necesaria para catalizar una reacción 
solamente de interés en las levaduras o para 
la formación ele lactosa en los mamíferos. 
En medio de toda esta expansión en los es-
tudios de los dinucleótidos que actúan como 
coenzimas, Leloir ha permanecido fiel a los 
hidratos ele carbono, interesándose por la bio-
síntesis de polisacáridos de alto peso molecu-
lar, como el glucógeno y el almidón. 
Ya en 1957 habían encontra-do con Cardini 
que en el hígado y el músculo existían enzi-
mas capaces de transferir glucosa del UDPG 
al glucógeno existente en esos órganos. A par-
tir ele este hallazgo ha desarrollado una serie 
de trabajos. Su principal deseo era obt-ener 
in vitro partículas de glucógeno que resulta-
ran idénticas en su comportamiento a Jas 
que _pueden aislarse de los tejidos. 
En diversas investigaciones (1965-1969) en 
las cuales han participado varios de sus co-
laboradores (Krisman, Mordoh, Parocli) lo-
graron tener éxito cuando emplearon como 
dador de glucosa para la formación del po-
lisacárido, al UDPG, y como enzima la giu-
cógeno sistetasa del hígado. El glucógeno es 
un polisadrido ramificado y el sistema debía 
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completarse con la adición de la llamada en-
zima ramiiicante, que precisamente cataliza la 
tra nsrerencia, dentro c.le la misma molécula, 
de cadenas cortas, lineales, formadas por uni-
dades de glucosa, en forma tal que se creá 
una estructura ramificada. 
El glucógeno así obtenido era de peso mo-
lecular elevado, del orden del que posee el 
glucógeno natural, y se comportaba como éste 
frente a la acción del calor, de los ácidos o de 
los álca 1 is. N o ocurrió -lo mismo cuando se 
preparó glucógeno empleando gluoosa-1-(os-
rato como substrato y fosforilasa como enzima, 
aclem;ís de la enzima ramificante. Se obtienen 
también productos de alto peso molecular, 
pero sus propiedades no resultan del todo 
idénticas al natural. 
Al ampliar estos estudios a la formación del 
almidón, Fekete, Leloir y Cardini (1960-1961) 
encontraron que los granos ele este polisacá-
rido contienen una enzima capaz de catalizar 
la transferencia de glucosa del UDPG no só-
lo a los granos ele almidón, sino también a 
otros aceptares ele bajo peso molecular, for-
mados por pocas moléculas ele glucosa. La 
sustitución del UDPG como dador ele glucosa 
por otras coenzimas de este grupo, permitió 
comprobar que la aclenosina-clifosfo glucosa 
(ADPG) era m:ts actiVa que la primera en la 
reacción ele transferencia (Reconclo y Leloir, 
1961). Estos trabajos han sido continuados en 
el l<t hora torio particularmente por Carlos E. 
Carclini y sus colaboradores. 
Las investigaciones sobre la participación 
de estas coenzimas en la formación ele poli-
sadridos han introducido a Leloir al estu-
dio ele la función ele los lípidos en la transre-
rencia de monosadridos en los tejidos anima-
les. Uno de estos lípidos es el monofosfato de 
dolicol (DMP, ester monofos[órico de un 
alcohol primario, formado por unos 20 resi-
duos isoprénicos. 
Han encontrado que los microsomas hepá-
ticos contienen enzüñas que catalizan la trans-
ferencia de glucosa de la -UDPG al DMP, dan-
do dolicol monofosfato ele glucosa (DMPG), 
El DMP actúa también como aceptar de la 
N -acetil-glucosamina, a partir ele la UDP-N-
acetilglucosamina y de manosa a partir de 
GDP-manosa. La serie de reacciones no ter-
mina con es.te punto, sino que a partir del 
DMPG se forma otro compuesto que han de-
nominado aceptar glicosilado endógeno. Este 
compuesto, según un estudio inicial, estaría 
formado por un hidrato ele carbono, conte-
niendo unas 20 unidades de monosadtridos, 
unido por un puente fosforaclo con el dolichol 
(Lelo ir, Beh rens y Parocli, 1970-1971) . Esta 
sustancia podría tener vinculación con las res-
ponsables de los fenómenos ele inmunidad ce-
lular, con lo cual queda dicho todas la pers-
pectivas que su estudio puede tener. 
Creo que expreso el sentir de todo los 
miembros ele nuestra Compañía, al desear al 
Dr. Leloir, que el éxito lo acompañe en sus 
nuevas investigaciones, por lo que las misma~ 
pueden significar para crear y ampliar nue-
vos conocimientos básicos, lo cual, como su 
propia experiencia lo ha demostrado, repre-
senta un beneficio para todos. 
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Por el Dr. RANWELL CAPUTTO 
Semúlanw leída ron motivo de la eutrega del Premio B. H. Houssay 
del Consejo Nacional de llwestigaciones Científicas )' TéCIIicas 
La curva de reconocimiento de un hombre 
de ciencia es muy frecuentemente la curva de 
un efecto cooperativo donde un mérito re-
fuerza el reconocimiento de otro mérito. En 
1946 cuando conocí a Leloir me sorprendía 
la poca atención que se había prestado a su 
obra en el país. Ya era fácilmente el más alto 
exponente de la bioquímica argentina y sin 
embargo aún no había alcanzado el grado de 
profesor adjunto ele la Universidad de Bue-
nos Aires. Yo tenía la impresión que los mé-
ritos de Leloir h abían escapado a la atención 
aún del mismo Dr. Houssay. Por suerte alre-
dedor ele 1948 después que fuera invitado a 
un Symposium sobre metabolismo del fósforo 
en la Universidad de John Hopkins, el país 
com emó a valorarlo.._._Naturalmente es to ha 
traído algunas complicaciones para quienes 
tienen que hablar sobre él. Sin embargo, has-
ta 1970 hablar de Leloir continuó siendo una 
tarea relativamente simple. El era un buen 
bioquímico que nos interesaba principalmente 
;¡ los bioquímicos. Desde 1970, la situación 
ha ca mbiado totalmente. Hoy es muy dificil 
encontrar un resquicio donde intercalar una 
palabra nueva sÓbre su actuación científica. 
En un número ele "Ciencia e Investigación" 
dedicado a su homenaje, don Venancio Deu-
lofeu , probablemente uno de los amigos que 
m;ís influencia ha tenido sobre Leloir, eles-
cribe brevemente su actuación en la A.A.P.C.; 
Palaclini describe el ambiente del Instituto de 
Investigaciones Bioquímicas en sus comienzos 
y Carminatt i el IIB * moderno. En los Anales 
de la Sociedad Científica Argentina, Stoppani 
hace un resumen de la labor científica ele Le-
loir y Olavarría describe lo . que él llama el 
espíritu de liB. Para completar esta formida-
ble literatura sobre Lelo ir en IIB, un simposio 
ele carúcter internacional organizado por los 
doctores Pontis y Piras el año pasado comen-
zó con un rela to del mismo Leloir de la obra 
• IIR. In stituto ele Investigaciones Bioquímicas 
"fundación Campomar". 
realizada en IIB y terminó con un estudio de 
Carl Cori sobre la enorme trascendencia que 
dicha obra ha tenido en los conceptos sobre 
la síntesis de materiales biológicos de todo 
tipo. 
Querer agregar algo a todo eso es muy di-
fícil, salvo que alguna vez decidiéramos reu-
nirnos Juan Carlos Fasciolo o Alberto Taqui-
ni que Jo acompañaron en los estudios de hi-
pertensión experimental, Juan Muñoz que 
lo acompañó en el estudio del metabolismo 
ele los ácidos grasos, Trueco o Paladini o yo 
que lo acompañamos en l'as etapas initiales 
del est udio del metabolismo ele carbohidratos, 
Carclini o Cabib y Behrens o Parodi que son 
sus asociados actuales más cercanos en los 
estudios sobre biosíntesis ele polisacáridos, y 
todos juntos lo analizáramos no sólo en sus 
virtudes, sino también en sus defectos, para 
dejar de él una visión más humana que esta 
actual, según la cual es trabajador, perseve-
rante, inteligente, generoso y modesto en gra-
do superior. C reo que si a esa descripción, 
que es, sin eluda correcta le agregásemos algu-
nos auténticos defectos, le haríamos a nues-
tros compatnotas el obsequio ele la primera 
buena descripción de un sabio argentino au-
téntico que no por sabio dejó ele ser huma-
no. Esto por otra parte seria digno ele la in-
dudable sinceridad ele Leloir. Yo intenté ha-
cerlo por mi cuenta pero me resultó muy di-
fíc il. Me faltaban controles ele apreciación y 
me sentía perdido. Por esto, como elije, me 
limitaré a referir algunos recuerdos perso-
n.ale.s ele mi amistad con él, con algunas apre-
CiaciOnes qu e para mí pueden ser útiles para 
predecir cómo actuaría Lelo ir en cualquier 
emergencia. Por cierto no puedo dar garantías 
de que mi memoria es correcta; todos sabe-
mos que la memoria suele hacernos malas 
j ligadas, pero como recuerdos, son hones tos 
en lo que a mi me jor entender se refiere. 
Como dije, conocí a Leloir en el año 1946. 
No puedo menos que sorprenderme de las 
ex tra ordin arias similitudes que las incerticlum-
• 
1 
18 R . CAPUTTO 
bres políticas de aquél entonces tienen con las 
de hoy. Sin embargo, por debajo de .Jas apa-
riencias externas la situación ha cambiado 
mucho y sería peligroso supon er que la evo-
lución de lo que viene va a ser parecida a lo 
que fue en aquél entonces. Pero Leloir con 
gran probabilidad va a continuar J-,aciendo lo 
mismo que hacía en los años que sucedieron 
a 1946, en que llegaba al -laboratorio alrede-
dor de las 9 de la mañana, comenzaba su ex-
perimento matinal y sólo cuando éste termi-
naba total o parcialmente, solía preguntar lo 
que estaba ocurriendo en el país. Recuerdo 
que una tarde, temprano, probabemente en 
el año 1947 ó 48, estábamos en nuestros tra-
bajos habituales cuando corrió la voz de que 
algo grave estaba ocurriendo en las esferas 
oficiales y se aconsejó que nos fuéramos a 
nuestras respectivas casas. Cuando quisimos 
hacerlo nos encontramos con que el transpor-
te urbano había parado. Leloir era el único 
del grupo que tenía automóvil entonces y, en 
un ambiente ele intensa preocupación nos dis-
u-,ibuyó en lugares adecuados para que lle-
garamos a nuestras casas. Tuve .]a suerte de 
tomar uno de los últimos trenes suburbanos 
que salían hacia Don Torcuato donde yo vi-
vía. Creo que había 2 ó 3 kilómetros desde la 
estación a mi casa, que debí caminar los. -En 
el camino vi un gran despliegue de aparataje 
militar y oí cuantas versiones se puede uno 
imaginar, incluyendo la versión de un intento 
de asesinato al Presidente de la R epública. 
A la mañana siguiente cuando llegué al Ins-
-tituto todavía estaba yo preocupado y quería 
comentar lo que había visto. Pero en los ex-
perimentos de la mañana h abía aparecido un 
resultado interesante, como consecuencia de 
eso se dio un seminario sobre esos resultados 
y se postergaron los comentarios sobre los 
incidentes políticos del día anterior. Yo no 
sabría decir si esta actitud ele Leloir es una 
actitud ele egoísmo, o de fundamentalista o 
simplemente que es una forma de ética del 
traba jo. Es decir, que no sé si lo hace así por-
que considera que la ciencia es lo más im-
portante o simplemente que siendo ciencia su 
t~~bajo, hacer ~iencia es su pri era obliga-
Cion, sea o no Importante, pero en cualquier 
caso, creo que ésta es una característica con 
la cual se debe contar para predecir su actitud 
política y tal vez social. Si se dijera, por ejem-
plo que el país está en una encrucijada y ne-
cesita un director para su política científica 
sería natural en estos momentos que Leloir 
fuera una de las primeras personas a quien 
buscáramos para esa función; pero de acuer-
do a mi experiencia con él, yo esperaría que 
su respuesta más probable fuera que él ya 
dirige su grupo de trabajo en la mejor forma 
que sabe. En realidad ésta fue su respuesta 
después de un breve tiempo al frente del De-
partamento de Química Biológica de la Fa-
cultad de Ciencias Exactas, Físicas y Natu-
rales de la Universidad de Buenos Aires y 
ésta fue también su respuesta hace apenas un 
par de años cuando un grupo de responsa-
bles en la conducción de la ciencia argentina 
quiso convencerlo de que buscara en forma 
activa la presidencia del CONICET, que es-
taba quedando sin la protección de la pode-
rosa personalidad ele Houssay, abatido ya por 
la enfermedad que sus médicos consideraban 
terminal. La misma característica manifesta-
ba Leloir el año pasado en Bariloche; en un 
descanso de las reuniones de la Sociedad Ar-
gentina de Investigación Bioquímica se que-
jaba de que casi todos los días le llevaban un 
proyecto que significaba el gasto de una enor-
me cantidad de dinero y le pedían su apoyo 
para que fuera llevado adelante, y qué podía 
ayudar él!, si generalmente no ·le daban tiem-
po para enterarse del contenido de uno cuan-
do ya le traían el siguiente. Cuando alguien 
le sugirió que debía dedicarse a estudiar esos 
proyectos más ·que a trabajar en el laboratorio 
~ÜzQ uno de esos g!=!stos, muy suyos, que yo 
mterpreto gue signiHcan que no hay que 
perder -tiempo en d'iscutir sonseras. 
Cuento estas actitudes de Leloir, tal como 
yo las he percibido, no como elogio o critica 
a la actitud en sí, sino simplemente como des-
cripción. Creo, sin embargo, que hay que se-
ñalarlo por el tremendo valor que tienen como 
elemento de producción y por ·la gran va-
lentía personal que significa mantenerse den-
tro _de ellas, contra toda la masa ele supuestos 
am1gos que tratan de sacarlo ele las mismas. 
Ha sido para mí un grato espectáculo verlo 
muchas veces en medio de grupos que que-
rían sacarlo ele su actitud y él, siempre el de 
apariencia más débil, con una mente apa-
rentemente abierta a todas las sugestiones, 
t~rn:i~1ar siempre sin una definición lo que 
sJgmflcaba a la larga su definición. 
· Incluido en la acción de Leloir como bio-
q_u ímico está su labor docente a nivel supe-
nor y no hay duelas que también ha hecho 
esto con eficacia. Basta fijarse en el número 
ele profesores de bioquímica que fueron sus 
colaboradores para quedar de acuerdo con esta 
apreciación. S~ forma de enseñar es muy par-
tlcular, no SLqeta a hábitos y tradiciones, y 
sólo después de bastante tiempo nos dimos 
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cuenta que estaba enseñando. Pero no quiero 
1cferirme a eso ahora, sino simplemente con-
tar una de las anécdotas de IIB que además 
de encontrarla divertida me parece que mues-
tra uno ele Jos aspectos más agradables del 
espíritu pionero con que se itl.ició este ins-
tituto. Me refiero al afán de formar el "Fa-
r::~day Argentino''. Faraday, según la tradi-
ción, se inició en el trabajo de laboratorio 
como un joven peón ele limpieza en el labo-
ratorio de Davy. La broma, o lo que fuera, 
del "Faraday argentino" había flotado en el 
ambiente de IIB por un tiempo cuando Leloir 
anunció que había ·tomado un joven de 17, 18 
años para efectuar la limpieza del laborato-
rio y anunció su esperanza ele haber encon-
trado un fu tu ro genio de la ciencia argentina. 
.Juan Carlos, así se llamaba el motivo de la 
esperanza, era un joven agradable de aspecto 
y maneras, despierto y probablemente más 
capaz que el término medio de los jóvenes de 
su edad. Comenzó muy bien y todos, estába-
mos felices que la predicción podría cum-
plirse. Poco tiempo después sin embargo, los 
problemas de la edad de J. C. se hicieron evi-
dentes y su trabajo declinó mucho; los miem-
bros del Instituto empezaron a reclamar que 
st lo reemplazara por algo que significara una 
esperanza menor pero una mayor eficiencia 
en el trabajo del momento. Leloir se resistió 
un tiempo pero finalmente debió ceder y anun-
ció que despediría a Juan Carlos. Lo llamó 
y estuvieron conversando a solas por alrede-
dor de media hora. Conversación tan prolon-
gada era desusada en Lcloir y nos llamó la 
atención, pero al terminar Leloir volvió a 
su laconismo habitual. Su versión de lo con-
versado fue que le había dicho a Juan Carlos 
que buscara otro trabajo y se fuera. La ver-
sión de Juan Carlos fue más exhuberante: 
''¡Fantástico!, el Dr. Leloir está muy contento 
conmigo y me dijo que estudiara Química; 
me contó algo de un inglés famoso que no me 
acuerdo como se llamaba pero que había em-
pezado igual que yo y después ganó toda ,]a 
plata que quiso. Doctor, me presta un libro 
de Química ... ''. No sé a quien le tocó even-
tualmente despedir a Juan Carlos, pero Le-
loir tuvo que cargar sobre sus hombros el 
cuento del Faraclay argentino durante mu-
chos meses. 
Yo diría que todo el grupo inicial de IIB" 
tenía una gran dedicación, integral m:ts allá 
de lo usual, al trabajo de investigación bio-
química . Esto, naturalmente, no ayudaba a 
hacer un grupo particularmente culto en el 
sentido general de esta palabra, éramos, más 
bien, algo de lo que se puede llamar técnicos 
semi-bárbaros y esto nos enajenaba del me-
dio ambiente y nos traía algunos reproches 
de nuestras respectivas señoras. Aquí tal vez 
sea pertinente un recuerdo sobre la señora de 
Lelo ir. Como todas las otras apreciaciones que 
registro aquí, son mías y pueden no coincidir 
con las de los otros. Doña Amelía venía a 
buscar a su marido al laboratorio yo diría 
que casi todas las. tardes. Recuerdo que go-
zábamos a veces con las gracias de los pri-
meros pasos ele Amelita, ,]a chiquita del ma-
trimonio que debe ser sólo l ó 2 años menor 
que liB. Yo me sentía un poco corto frente 
a doña Amelia no sólo por mí sino también 
por todo el grupo, por esta condición de téc-
nicos cerrados a otras manifestaciones del es-
píritu que no fueran ·conocimientos quími-
cos, frente a esta señora que era cu 1 ta, que 
leía libros, apreciaba arte, teatro, danzas . Yo 
creo que detr<ís ele la gracia de su sonrisa 
permanente debía sufrir al vernos tan irre-
mediablemente perdidos a todo lo que fuera 
cultura general. Una vez me regaló un libro: 
"La Hora 25". Me aconsejó que lo leyera y 
lo hice. La verdad es que me interesó mucho, 
pero lo importante a decir en este momento, 
y ojalá no esté diciendo una herejía, es que 
creo que desde entonces llevo por ,Jo menos 
un libro de ventaja sobre su esposo en lectura 
de temas ele interés general, aunque no tengo 
dudas que él me lleva la ventaja de la lectura 
de muchos libros de química. 
Pero esto no significa que no se transpa-
renten en Leloir algunos elementos de eludas 
con respecto a su labor. Tan unido y coheren-
te como aparece en su trabajo es posible que 
haya algo por lo cual creo que se hubiera di-
versificado al primer contacto con un éxito 
que lo hubiera empujado en ese sentido. En 
algunos círculos he oído decir alguna vez que 
para el hombre ele ciencia el finalismo es una 
amante, con quien le agrada estar, pero con 
quien no quiere ser visto. Yo creo que para 
Leloir la aplicación es algo de esa naturaleza . 
La aplicación de la ciencia es algo que no 
figura en sus trabajos pero es probable que 
esto le ha interesado a lo largo ele una buena 
parte ele su carrera. Recuerdo que durante 
los primeros tiempos de IIB él incorporó al 
laboratorio a una joven bioquímica para que 
e&tudiara un método de purificación ele la 
heparina. Nunca supe cuál sería el eventual 
destino ele los resultados del trabajo de esa 
señorita pero se aludía mucho, mitad en bro-
ma, mitad en serio, en que el futuro econó-
mico de IIB dependía de la obtención de una 
• 
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buena heparina. Tiempo después Leloir apa-
reció con la sugestión ele que busdramos u n 
substituto del glicerol, según creo, en la ela-
boración ele pastas dentífricas. E n la única 
aparición de Leloir que yo conozco como 
editorialista de "Ciencias e Investigación", su-
giere que nuestro país debiera tomar el ejem-
plo ele una zona ele pequefía industria alre-
dedor de Boston donde se producen, si re-
cuerdo bien, materia les para uso en la in-
vestigación científica. Pero el recuerdo ele él 
que mús me impresionaba en este aspecto de 
su personalidad, no sólo como ejemplo de ge-
nuina modestia sino también como la confe-
sión nost;ílgica de un primer carii'ío, es una 
convers,Ición que mantuvimos en Córdoba. 
Leloir nos estaba haciendo el favor excepcio-
nal de ir allá como jurado en un concurso. 
Probablem ente fue la única vez en su vida 
que ha hecho un viaje para participar en una 
actividad que es más burocrática que acadé-
micamente útil. En el momento que voy a 
1eferir est;íbamos sentados en un antiguo ba-
íio transformado en el lugar donde se prepa-
ra el café, se destila el agua que usamos en 
el laboratorio y sirve de depósito de material 
ele limpieza. El lugar es un tanto sucio y eles-
agradable y yo me sentía algo avergon:t~rao 
de tenerlo bebiendo café allí. Lelo ir, sin em-
bargo, parece sentirse cómodo en esos luga-
res en los que el trabajo se junta con la po-
breza y es en ese a m bien te donde se puede 
extraer lo m:ts genuino de él. H ablábamos 
de ese estr ibillo de "ciencia al servicio de la 
comunidad" que parecía que Jo estaba con-
venciendo. Yo siempre he temido que el tal 
cs tribi llo sea más dañino que servicial y por 
lo tanto me interesaba saber cómo lo aplica-
ría él si alguna vez decidiera hacerlo. Su res-
puesta fue algo así: ... "y, qué sé yo, tome 
mi caso por ejemplo, tantos afíos trabajando 
en estas cosas y nunca he encontrado algo que 
ayude al "país''. La respuesta me tomó por 
cvmpleto de sorpresa y casi no podía creer 
,Jo que oía, pero continué con el tema y le 
pregunté en qué forma creía él que podía 
hacer algo que ayudara al país ; la respuesta 
volvió enseguida: '' . .. bueno, debe haber in-
finidad ele cosas que hacer: por ejemplo, pu-
dimos haber estudiado un método ele esteri-
lización de latas de carne mejor que los que 
tenemos ahora; seguro eso ayudaría al País". 
o hay duelas, yo me siento tan seguro co-
mo él ele que eso ayudaría al país y estoy dis-
puesto a atribuirle todos los méritos que se 
gane el investigador que encuentre ese méto-
do, pero eludo mucho que ::tl correr del tiem-
po pudiera competir con lo que Leloir había 
hecho hasta aquel momento en beneficio del 
11a ís. Cua mio ma11 teníamos esta conversacwn 
ya se podía aplicar a Leloir las palabras que 
tli!o Carl Cori en Rariloche el año pasado: 
... "comenzando en 19'11 con la identifica-
ción del UD PG como un co(actor necesario 
tn la conversión de glucosa a galactosa ha te-
nido lugar uno de los más dramáticos desa-
rroJJos de la química moderna". Por lo que 
al país respecta yo diría que en ese mismo 
período tuvo lugar entre nosotros el mayor 
desarrollo ele los conocimientos químicos, que 
si bien fueron impulsados en gran parte por 
la acción docente directa de Deulofeu y su 
grupo, lo fueron también porque los descu-
brimientos en I I B bajo la dirección ele Leloir 
despenaron la imaginación ele una parte de 
la juventud argentina y provocaron un t ipo 
de entusiasmo desconocido hasta entonces. 
Puede quecl¡¡r tranquilo el Dr. Leloir: es poco 
probable que un buen método de esteriliza-
ción, por útil que sea, pueda provocar una 
reacción müs ütil que la que provocó su obra. 
E n la entrega del Premio Houssay a Leloir 
no podemos evitar hacer referencias a los re-
sultados de valores similares que obtuvieron 
estos dos hombres ele estilos tan distintos. Es 
evidente que cles·de los tiempos de la forma-
ción de Houssay a los ele la formación de Le-
loir los conceptos de solemnidad y ele autori-
dad habían perdido mucho prestigio. Cuando 
se recuerdan las apariencias externas de sus 
respectivas maneras de actuar uno piensa que 
el con[licto entre aquellas dos generaciones 
era tan grande como el que existe ahora entre 
nosotros y nuestros jóvenes. Sin embago, los 
conceptos funclamen tales ele estimación al es-
fuezo, al tabajo y a lo que entonces se llama-
ba progreso continuaban intactos. Hoy los 
problemas sobre solemnidad y autoridad están 
resueltos: la desvalorización será permanente 
por muchos ai'íos . Pero los jóvenes están aho-
ra en dudas obre si hay que entrar a un mun-
do ele felicidad sin esfuezo o hay que persis-
tir en la premisa de que el trabajo produce 
las Ílnicas satisfacciones profundas. En medio 
de un ambiente de descontento y de un sen-
tido ele frustraciones exagerado, la labor con-
tinuada ele Houssay primero y de Leloir des-
pués a lo largo ele 50 aíi.os, nos han dado las 
mayores sat isfacciones, y las más limpias de 
problemas, que ha experimentado este país 
desde 1947 h asta la fecha. En el caso de Leloir 
ncsoLros hemos visto que los jóvenes de la 
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Un ivers idad ele La Plata en 1970 y los de 
Corr ientes en 19í2 Jo se r1alaban con orgullo 
y satisfacción en cualquier lugar que lo eles-
cubriera n. Esto es un rayo ele esperanzas et). 
una situación que por tantos motivos nos tie-
ne a7orados a quienes mantenemos nuestra 
fe en los conceptos tradicion ales. La obra ele 
~eloir quedad sin eluda como un capítulo 
meleleble en el relato ele los co nocimientos 
de biología y eso quedará como su contribu-
ción de interés universal. En nuestro país, su 
obra y su ejemplo han excitado la imagina-
ción ele muchos jóvenes que quieren igualarlo 
y aún superarlo. La masa de jóvenes que 
están distribuidos en docenas de laboratorios 
en todo el país cons tituyen, con Houssay y 
Leloir, la tríada a la que está dedicado el ho-
menaje de esta tarde. 
Luis 17. Leloir e n el balcón de Sil residencia con su esposa, .\mclia Zuberbuhler, 
y su hija . \meliDa. 
VEINTE AJ\:OS DE INVESTIGACION SOBRE 
LA BIOSINTESIS DE POLISACARIDOS 
LUIS FEDERICO LELOlR 
Nuestro trabajo en la biosintesis de oligo-
sadridos y polisadridos comienza en 1946, 
no por una elección deliberada del tema sino 
en forma cas ual. Debido al fenomenal pro-
greso de la bioquímica, nuestros primeros ex-
¡Jerimentos par·ecen pertenecer a la era paleo-
lítica; pero, afortunadamente, existen tam-
bién algunos mu y recientes e interesantes pro-
gresos en es te campo. 
Al vo lver de Ca mbridge, en 1936, realicé 
algunos trabajos con J. J\L l\fuiíoz sobre la 
oxidac i<'lll ele ácidos grasos en el hígado. Nos 
[ue posible preparar un sistema libre de cé-
lula•; que era activo en presencia de cofacto-
res necesar ios. Este fue un resultado novedoso 
ya (jlle entonces se creía que la oxidación de 
ác idos grasos requeúa la integridad celular. 
Supongo que a la nueva generación de bio-
químicos le es difícil comprender muchas ele 
las cosas en las que creíamos nosotros en ese 
tiempo. 
Después de esto, hice una incursión en el 
campo de la hipertensión renal con E. Braun 
J\Ienl·ncle!, J. C. Fasciolo y A. C. Taquini, 
Este trabajo fue llevado a cabo dpidamente 
y con cierto éx ito. Luego trabajé en el Labo-
ratorio ele Carl Cori, en St. Louis, y con D. E. 
Green , en la Un iversidad ele Col umbia. 
.-\ mi regreso a Buenos Aires en 1945, em-
pecé· a trabajar con R. Ca putto y R . Trueco. 
El doctor Cap u tto había hecho algunas in-
Yestigaciones en gl{mclu la mamaria y tenía la 
idea ele que el glu cógeno se transformaba en 
Jacto~;!. En aquel tiempo teníamos que usar 
osa7o n;~ s para la id e n ti ficación ele los azúcares 
y muy pronto llegamos a un punto muerto. 
i\firanclo atrás, creo que lo que estábamos ob-
servando era la degradación del gl ucógeno por 
la amilasa. 
Cop~ right © 19i 1 by thc :'\'obcl Fonndation. 
Conftrl'll(iíl pronwH iada por el nr. Lelo ir ('Jl Estocolmo 
al rnihir d Pn:mio Xobel de Química , 1970. 
D ec idimos entonces estudiar la degradación 
de la lactosa por la levadura, Sacchamrnyces 
Jragi!is, con la idea de que esto nos daría una 
información sobre el mecanismo de su sínte-
sis. Finalmente se obtuvo esa información, pe-
ro sólo a través el e un camino largo y tor-
tuoso. 
Primero estudia rnos la lactasa, después la 
fost:orilació.n de la g;~lactosa 1 y la trasforma-
ción de la galactosa fosfato en glucosa fosfa-
to. Lo que medíamos era el incremento ele 
poder reductor resultan te de la siguiente se-
cuencia el e reacciones: 
O<~ l actosa ]-fosfato -7 
glucosa ! -fosfato -7 glu cosa 6-fosfato (1) 
Pronto encontramos que para que la reac-
ción tuviese lugar se requería la presencia ele 
un cofactor termoestable y nos propusimos 
aisl;~rlo, en co laborac ión con C. E. Carclini 
y A. C. Paladini. 
En ese entonces las cosas no eran muy fá-
ciles, debido a que no disponíamos ele los mé-
todos de que disponemos hoy y además, por-
qu~ trabajábamos en condiciones bastante pre-
canas. 
Los resultados de nuestros tkperimentos 
fueron muy poco claros porque no nos dimos 
cuenta ele que eran c!os los cofactores involu-
crados. Finalmente descubrimos lo que pasa-
ba y nos concentramos en la purificación del 
cofactor de la segunda reacción, es decir, la 
reacción catalizacla por la Iosfoglucomutasa. 
Enviamos una carta a los editores de los 
Archives of Biochemist1y z describiendo al 
nuevo cofactor y mencionando que Kenclall 
y Stricklancl 3 habían descripto previamente 
una activación por fructosa 1,6-difos[ato pero 
que nuestro cofactor era diferente. Después ele 
enviar el manuscrito ensayamos la fructosa 
1,6-difosfato y obtuvimos una fuerte activa-
ción. l\Lís aún, nuestras preparaciones purifi-
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cadas estaban fuertemente contaminada s con 
fructosa 1,6-diíosfato. Ya habíamos decidido 
solicitar se nos devolviera la carta , cua nd o 
como consecuencia de tanto preocuparnos sur-
gió la idea de que el activador debía ser glu-
cosa 1,6-clifosfato. En vista ele que este último 
compuesto tiene bloqueado el grupo reduc-
tor, pensamos que debería ser estable en me-
dio alcalino y, curiosamente, todo salió como 
esperábamos. Si no hubiera sido por ese error, 
podríamos estar aun hablando del efecto alos-
térico ele la fructosa 1,6-di[os[ato sobre la íos-
foglucomutasa. 
Cuando acabamos de trabajar con la glu-
cosa 1,6-difosfato continuamos con el otro co-
Jactor. Se encontró que los concentrados ab-
sorbían la luz a 260 nanometros y tenían un 
e5pectro similar al ele la adenosina, pero con 
ciertas diferencias. En ese entonces los {micos 
nucleótidos sol u bies presentes en el te~ ido 
que se conocían eran los ácidos adenílicos y 
el inosínico. Fue muy emocionante el día en 
que Caputto llegó temprano con un ejemplar 
del .Journal of Biological Chemist?·y, el cual 
mostraba el espectro de la uridina. Este era 
idéntico al de nuestro co[actor. Después de 
medir el contenido glucosa y fosfato, y rea-
lizar una curva ele titulación, se propuso la 
estructura ([Ue se muestra en la Fig. 1 4. El 
primer nncleóticlo-azúcar se llamó uriclina di-
fosfato glucosa: UDPG. Su estructura fue con-
firmada por síntesis alrededor de 5 años más 
tarde por Toclcl y colaboradores, en Cambrid-
ge. El mecanismo por el cual lJDfG-glucosa 
actúa de co-factor en la transformación de 
galactosa-1-rosrato en glucosa-1-fosfato se acla-
ró cuando se encontró que incubando con 
extractos ele levadura parte ele la UDP-glucosa 
se trasformaba en UDP-galactosa 5. Después 
de esto, escribimos las ecuacione como si-
gue: 
galactosa 1-foofato + UDI'-glucosa ~ 
glucosa 1-fosfa to + U DP-ga lactosa 
UDI' -ga la ctosa ~ tJDl'-g·lu cosa 
Suma: galactosa 1 - foofato~ 




Llamábamos a todo el sistema waldenasa, 
pero Kalckar s sugirió llamar uridilil trans-
ferasa y 4-epimerasa a las enzimas correspon-
dientes a las ecuac iones (2) y (3), respecti-
vamente. 
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Cuando encontramos qu e las levaduras no 
acL1ptaclas a la galactosa contenían un alto ni-
vel de UDP-glucosa, dedujimos que la UDP-
gl ucosa d ebería tener otra función, aclemús. 
de la de cofactor del m etabolismo de la ga-
lac tosa. No sé si el razonamiento era correcto, 
pero los hechos nos dieron la razón . Es,tuvi-
mos durante varios años preguntándonos. 
¿Para qué sirve el UDPG?, y la pregunta se 
convirtió en una broma, en el laboratorio. 
Como teníamos un m étodo para medir la 
UDP-glucosa basado en su acción sobre la ve-
locidad de la reacc ión galactosa 1-fos[a to ~ 
glucosa 6-fosfa to, empezamos a m edir la de-
saparición de UDP-glu cosa en diferentes ex-
tractos y bajo el iferen tes con el iciones. Con ex-
tractos de levadura se observó que la adi ción 
de glucosa 6-fos(ato in crem entaba la desapa-
ri ción de UD P-glucosa lo que finalmente se 
demostró qu e era debido a la formación ele 
trehalosa fosfato , una sustancia que h abía si-
do aislada d e la levadura muchos años antes 
por R obison y Morgan 7 . 
La reacción es la siguiente: 
UDI' -glucosa +glu cosa G-fosfato ~ 
trehalosa -fosfato + U DP 
-~. 
(5) 
Este trabajo, llevado a cabo con Cabib 8 , 
des.cribía el primer caso en que se observó 
que la UDP-glucosa actuaba como dador ele 
glu cosa. Esto había sido sugerido por Bucha-
nan et al9 y por Kalckar 1o. 
Una vez descubierta una reacción ele trans-
ferencia, pronto pudimos detectar otra. usan-
do extracto de germen ele trigo. En realidad, 
lo que enco ntramos fueron dos enzimas, un a 
que ll evaba a la formación de sacarosa 11, y · 
o tra que daba sacarosa-fosfato 12 como sigue: 
DP<glu cosa + fructuosa~ sacarosa + UDP (6) 
U DP-g lu cosa + frictosa 6- fosfaLO ~ 
sacarosa fosfato + UDP (7) 
Este hallazgo realizado con Cardini y Chi-
riboga fue t<Jmbién interesante dado que acla-
raba e l meca nismo de la síntesis ele sacarosa 
en vegeta les. 
Otro resultado novedoso de aque l período 
fue el aislamiento del U DP-acetilglucosami-
n a13. Esta sustancia se detectó primero como 
un a impureza ele los concentrados ele UDP-
g lLÍ cosa y la so líamos llamar UDP-X hasta qu e 
¡Judimos identificar el resto ele azúcar como 
N-ace tilglu cosami n a. Se sabe ahora que in-
terviene e n la biosíntes is d e la pared cel ular 
tle las bacterias y de la s mucoproteínas. 
Otros miembros de h familia de los nu-
cleót idos-azúcares fueron a islaclos en nuestro 
bbor<~torio. En 1951 con Cabib 14 se encontró 
GDP-man osa en extractos el e lev<Jdura, y más 
tarde Pontis 15 detectó UDP-acetilgalactosa-
rnina en el higacl o. Se sabe ahora que estas 
sus tan cias interv ienen en la biosíntesis del ma-
nano '16 y el e algun as glu copro teínas. 
Otros la hora torios re a 1 izaron importantes 
contribuciones. La identificación de UDP-
;ícido glucurón ico como dador en la forma-
ción de glucurónidos 17 fu e el p rimer ejemplo 
de una reacción el e transferencia a partir de 
un n ucleót id o-aJ.Úcar. 
Otro compuesto importante fue elescubier-
1 o por Par k y J ohn son 18 casi al mismo tiempo 
que aislamos el UDP-glucosa. Ellos ob~erva­
ron que en Stnphylococcus tratado con peni-
o 
HN~H 






FlC. l. - Urid in a-clifos[ato-glucosa (UDPG). 
• 
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cilin a se acumula un compuesto que contie ne 
uridina . Esta susta ncia resultó difícil de iden-
tif icar debido a que su resto de azúcar no se 
conocía en ese enton ces. Este compuesto se 
comporta ba como una hexosamina descono-
cida. Strange y Dark 19 fueron los primeros en 
obtener u na preparación cristalina. Se sabe 
;1hora que el resto de azücar presente es la 
acetilgl ucosamina combinada por una 1:nión 
eter con ;ícido lácti co. Esta sustancia se llamó 
;ícido mudmico. El aislamiento d el UDP-
ácido mudmico fu e el punto de partida del 
trabajo tan interesa nte ele Park y Strominger 
obre síntesis el e la pared celular de las bac-
terias. 
E l número de los nucleó tielo-azú cares cono-
cidos au mentó progresivamente en el curso de 
los años, y, en la recopi lación realizada en 
l 963 eran ya m:ts de 48 zo. Además, se estu-
diaron muchas enzimas qu e intervienen en 
reacciones de interconversión. El grupo d e 
Herman Kalckar encontró que se requería 
NAD en la reacción d e la UDP-glucosa 4 epi-
merasa y se cree que el resto de glu cosa del 
UDP-glucosa se oxida a un 4-ceto intermedia-
rio que puede reducirse tanto a glucosa como 
a galactosa. 
Algunas otras transformaciones más com-
plicadas han sido estudiadas cuid adosam ente; 
por ejemplo, la transformación ele GDP-ma-
nosa a GDP-fucosa, q ue requiere un a reduc-
ción en C-(i e inversiones en C-3 y C-5 21. U n 
caso simi lar es la rormación ele TDP-ramnosa 
partiendo el e TDP-glu cosa, e n la cu al los gru-
pos OH e n C-3, C-5 v Cfi 'e invierten y ocurre 
una recl uccicín en C-6 zz. 
Po/ isanírid os 
Se han detectado muchas reacciones de 
transferencia parti endo de nucleótido-azüca-
res. Así, Gláser y Brown 2·3 encontraron una 
transferencia el e N-aceti lglucosamin a partien-
do del UDP-N-aceti lglu cosa mina a quitina 
cata li;a cLt por extractos de hongos. La forma-
óín d e un íl-1,3 g-lucano (ca llosa) a partir 
de lJDP-glu cosa y la de xilano part iendo de 
U DP-xilosa se obtuvo por incubación con ex-
tractos de vege tales 24_ 
.U na trans rerencia de UDP-glucosa a ce-
lulosa fue también descripta por Glaser 25 en 
Acelobarler xi/inu111, un a bacteria formadora 
d e celu losa. M.ís tarde se descubrió que el da-
dor para la formación ele celulosa en las plan-
tas es la GDP-glu cosa. 
En nuestro laboratorio pudimos observar 
la formación de glucógeno por enzimas pro-
venientes de hígado y músculo partiendo de 
UDP-glu cosa : 
UDI'-g lu cosa + G,. --:> U DI' + Gn + 1 (S) 
En esta ecuación G,. representa una molé-
cula de glucógeno y Gn + 1 la misma molé-
cula después d e la adición de un residuo 
glucosilo en unión a-1,4. La búsqueda de esta 
enzima , glucógeno si n te tasa o trans[erasa , [u e 
es timulada por la lectura de un libro escrito 
por Herman N iemeyer 28, y su descubrimiento 
[ue de interés, pu es to que hasta entonces se 
creía que la sí ntes is del g lu cógeno se producía 
por reversión de la reacc ión de fos[orilasa 
(ec. 9) : 
(g i11 COsa) 11 + 1 + fosfa Lo inorg;'mi co ~ 
(g-lu co&l)" +glucosa 1-(osfaLo (9) 
Se cre ía entonces que esta enzima actu aba 
tanto en la síntes is como en la degradación 
del glucógeno. Otro descubrimiento de consi-
derable interés ru e que la glucosa 6-Iosfato ac-
túa como un act ivador del glucógeno sinte-
tasa. 
Mu ch os afíos antes los Cori h abían en con-
trado que la fosforilasa del müsculo existía 
en dos- formas que se difere nciaban por su 
requerimiento d e ;íciclo adenilico. En forma 
similar, J. Larn er y C. Villar-Palasi d escribi e-
ron dos [armas interconve rtibl es ele glucóge-
no sintetasa, una activa tJel" se y otra que r e-
quiere g lu cosa-6-fosfato. D esde entonces, se 
han rea li zado muchos estudios sobre la regu-
lación del metabolismo del glucógeno. 
Tanto la fos[or ilasa como el glucógeno sin-
tetasa son reguladas por la concentración de 
m etabol itos (.íc ido aden ilico y gl ucosa-6-fos-
rato, respectivamente, y también o tros com-
puestos como, por ejemplo el A TP) y por con-
vers ión reversible de formas acti vas a inac-
tivas . Los ca mbios posteriores se producen 
por la acción de var ias enzimas que interac-
·cio nan entre sí. La imagen que tenemos sobre 
el mecanismo ele la regulación del glucógeno 
es demas iado complicada para mostrarla en 
esta ocasión (para un es tudio detallado ver 
(29) ) . 
Casi todas las investigaciones realizadas en 
la biosintesis de los polisacáridos han con sis-
tido so lamente en la medición de la trans[e-
rencia de ca ntidad es muy pequeñas de azü-
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cares radioactivos. Sin embargo, los estudios 
deberían ampliarse hasta poder obtener in 
vitro polisacáridos idénticos a aquellos que 
producen las célu las. Algunos trabajos de est¡'! 
tipo han sido realizados con el glucógeno. Se 
puede obtener glucógeno incubando glucosa 
1-fosfato con fosfori lasa o a partir de UDP-
glucosa con glucógeno sintetasa (en ambos ca-
sos en presencia de la enzima ramificante) . Los 
productos así obtenidos son de alto peso mo-
lecular, pero diferentes a juzgar por sus ca-
racterísticas de degradación por ácido o a1-
calí. El producto formado por UDP-glucosa 
y glucógeno si ntetasa es iclén tico a aquel que 
se aisla del hígado 30. 
U na extensión lógica de nuestros estudios 
sobre el glucógeno fue investigar la forma-
ción del a lmidón en las plantas. Se encon-
tJ·aron enzimas que catalizan la transferencia 
al almidón ele glucosa radiactiva del UDP-
glucosa marcada en su resto de glucosa 31 • 
Estudios sobre la especificidad de la enzima 
<Jsanclo nucleótidos sintéticos mostraron que 
el ADP-glucosa es utilizado diez veces más 
dpido que el UDP-glucosa 32 _ Esto llevó a la 
búsqueda de ADP-glucosa en fuentes natura-
les y se logró aislarlo del maíz 33. Una enzima 
capaz de sintetizar el ADP-glucosa fue encon-
trada por Espada 34. _,, 
A par tir de entonces se han realizado mu-
grupos (Osborn, Horecker, Stwminger, Rob-
bins, Lenartz y otros). El primer int~rmedia­
rio li pídico fue detectado en bacterias 36 y se 
muestra en la figura 2. 
La estructura del compuesto fue resuelta 
mediante el análisis por espectroscopia de 
masa ele muy pequeñas cantidades. El com-
puesto, undecaprenol pirofosfaw, contiene 11 
residuos isoprenos uno de los cuales lleva un 
grupo OH unido a un pirofosfato qu·= a su 
vez se une a los restos de azúcar. 
[ 
CHJ l O O 
1 11 11 
H CH2-C =C H-CHz -0 - P-O -P-O -GLYCOSYL 
J a a· 11 
Fu-:. 2. ·- Antíg-eno intermediario lipíclico-
El papel del Jípido intermediario en la for-
mación de li popolisacárido de Smlmonella 
puede resumirse en las siguientes ecuaciones 
(donde LP representa el intermediario lipí-
dico monofosforilado) : 
LP + UHP-g-alactosa --7 
LPl'·g-alactosa + U\\f 1' ( lO) 
chas investigaciones sobre el tema, especial- Ll'P-g-alactos-a + TDP-ramnosa --7 
mente por C. E. Carclini, Rosalía Fryclman, LPP-g-alartosa-ramnosa + UOP ( ll ) 
Jack Preiss, T. Akazawa y otros. 
En la Eug/enn el polisadrido de reserva 
e·· un glucano con uniones ~1-3, usualmente 
llamado paramilon. Su síntesis fue estudiada 
por Golclemberg y Marechal 35 quienes en-
contraron que se forma a partir UDP-glucosa. 
Con el anclar del tiempo se describieron mu-
chas otras reacciones ele transferencia por lo 
que su búsqueda se convirtió en una taref! 
algo monótona. 
In termediarios lip!dicos 
Los el a tos acumulados indicarían que la 
mayoría de Jos di-, oligo-, y p ol isacáriclos que 
en una sorprendente variedad existen en la 
naturaleza , se sintetizan a partir ele nucleó-
tido azúcares . Sin embargo, ::tl menos :~ lgunos 
casos, parecería que la transferencia no es di-
recta sino que es mediada por intermediarios 
de naturaleza lipídica. Este es uno de Jos m;ís 
importantes clcscubrimiento> de los últ;mos 
aí10s y está vinculado a la b bor el ':' varios 
LPP-g-alactosa-ramnosa + GDP-manosa ~ 
LPP·g'J iactosa-ramnosa -manosa + GDP (12) 
n LPl'-galactosa-ramnosa-manom ~ 
LPP (ga lactosa-ran1nosa-1na nosa) n + 
(n- 1) LPP (13) 
LPP (galactosa - ra mno~a -manosa) "+ corc --7 
(g-a lactosa-ra mnosa-manosa)n core + LPP (14) 
LPP ~ LP + l' (15) 
El primr paso (ec. 10) consiste en una 
transferencia ele galactosa 1-fosfato formándo-
se pirosfato lipíclico y UMP. Después se agre-
gan la ramnosa y manosa por transferencia 
del respectivo nucleóticlo azúcar. La transfe-
rencia final se hace por unidades de trisacá-
ridos y se forman cadenas largas (n = alre-
dedor ele 60) ele unidades repetidas ele ga-
lactosa-ramnosamanosa unidas al intermedia-
rio. En el siguiente paso (e c. 14) ellas se 
transfieren al núcleo del Ji popolisae<írido. 
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El undecaprenol pirofos[ato juega un papel 
similar en la formación de la pared celular 
bacterina del estafilococo. El material de la 
pared, la mureina, está formada por unida-
des alternantes ele acetilglucosamina y ele 
<Ícido mur<ímico. Esas cadenas están entreC1·u-
zadas por pepticlos unidos a los residuos ele 
<ícido murámico. 
El mecanismo por el cual la pared celular 
se une fue explicado principalmente por el 
trabajo realizado por el grupo de Stromin-
ger 37 y se puede escribir como sigue: (M = 
N-acetil ácido murámico unido al siguiente 
peptido: L-ala D-gluL-lys D-ala; N-Ac signi-
fica N-acetilglucosamina): .•. -
CDPM + LP-? LPnf + UilfP 
l:Dl'N-Ac + LPPi\f-? LPPi\fN-Ac + UDP 
LR~.\ gly + LPP\fN-,\c-? 
( 16) 
( 17) 
tRNA + LPPi\IN-r\c gly (18) 
LPP\[N-.\ c gly + aceptor-? 
(i\f -i\"-Ac g1y) -aceplor + LPP (19) 
El primer paso (Ec. 16) es una transferen-
cia ele muramil peptido fosfato de su corres-
pondiente nucleotido uriclina (uno ele los 
compuestos aislados por Park) a unclecapre-
nol monofosfato. A continuación, (Ec. 17) la 
N acetilglucosamina es transferida a partir 
de UDP-N-acetilglucosamina. Después (Ec. 
18) se agrega un aminoácido m{ts (ele un {tci-
do ribonucleico de transferencia y entonces 
se agrega el total ele pcpticlo clisacárido a una 
parte ele la pared celular en crecimiento (que 
figura como aceptor en la ec. 19). Después 
de esto se establecen los entrecruzamientos 
entre las caclenils ele pepticlos y la pared ce-
lular se completa. 
También debe ser mencionado otro traba-
jo que tiene que ver con los intermediarios li-
píclicos. l\fe refiero a la formación de manano 
por 1H icrococcus lysodeiht icus 38. Las reaccio-
nes sop: 
GDP-manosa + undecaprenol-P-? 
GDP + undcaprenoi-P-manosa 
undccaprenol-P-manosa + accptor-? 
manom -aceptor + unclccaprenol-P 
(20) 
(2l) 
La diferencia entre los casos ya menciona-
do es que en la primera reacción (E c. 20) 
el azúcar es transferida sin el fosfato de ma-
nera que no se forma piro(osfato sino un mo-
nofosfato. 
Mientras estas investigaciones se realizaban, 
Dankert, que hilbía estado trabajando con el 
grupo ele Robbins, volvió a Buenos Aires y 
nos trasrn.i tió su entusiasmo por los poli pre-
nolcs. 
Un po1ip1rmol intennedim·io en tejidos 
animales ' 
Un grupo formado por Morton, Hemming 
y otros, en la Universidad de Liverpool ha 
e,tucliado cuidadosamente los diferentes poli-
prenotes que se hallan en la naturaleza. Su 
fórmula general es la siguiente: 
CH3 
H [ CH~- ¿=CH-CH2 ]oH 
n 
Una cantidad ele diferentes compuestos ele 
este tipo Jueron detectados, que diferían en 
el número n ele residuos de isoprenos, en la 
cantidad de doble ligaduras cis o trans y tam-
bién en que algunas de las doble ligaduras 
pueden estar saturadas. 
El compuesto aislado de tejidos animales 
fue llamado dolicol. En esta sustancia el nú-
mero de unidades de isopreno es de alrede-
dor de 20 (puede vtlriar de 16 a 23) y dos de 
las dobles ligaduras son trans. Adem{ts, la do-
ble ligadura m<Ís cercana al grupo alcohol est{t 
saturada. l\Iuchos otros compuestos fueron 
aislados en otros sistemas 39. Con N. Beh-
rens 40 hemos estudiado un proceso que ocu-
rre en el hígado y en el cual resultó involu-
crado un fosfato ele dolicol. Las reacciones se 
pueden escribir como sigue: 
UDP-glucosa + D\fP -? 
Di\fP-g111cosa + UDP 
DMP-glucosa +E-? gl11cosa-E + D~[p 




En estas ecuaciones DMP significa dolicol 
monoFos[ato y E un aceptor endógeno. 
Los estudios fueron realizados incuba nclo 
microsoh1as ele hígado con UDP-glucosa ra-
diactiva. Se encontró que_se formaba un pro-
ducto soluble en solventes orgAnicos. Traba-
jos posteriores mostraron que la reacción de 
la ecuación 22 podía ser realizada de modo 
tal como para medir el aceptor lipíclico (DMP 
en la ce. 22) . Esto permitió el desarrollo de 
un proceso ele purificación. Los concentrados 
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l\fodclo atómico de la molécula del Uridina Difosfato Glucosa 
que se obtenían daban un espectro infrarrojo 
similar al ele los poliprenoles. El compuesto 
tenía un carácter <ídclico y era relativamente 
estable al ;ícido y al álcali. Difiere del unde-
caprenol fosfato en que este último es ácido 
labil. Se dedujo que- ·esta diferencia podría 
deberse al hecho que en el undecaprenol exis-
te una doble ligadura cercana al fosfato y 
que no est<í presente en el clolicol. Teniendo 
esto presente ensay amos otros enfoques para 
la identificac ión de nuestro aceptor li pídico. 
Se aisló clolicol de hígado 4 1 se lo fosforiló 
químicamente y se probó su actividad como 
areptor lipídico. El compuesto sintético re-
sultó ser idéntico en todas sus propiedades al 
obtenido ele fuentes naturales. Por esta ra-
zón nos re[erimos a él como dolicol mono-
fosfato. 
En cuanto al compuesto glucosilado (DMP-
glucosa) se encontró que era muy lábil en 
medios úcidos y que se descomponía en medios 
alcalinos, dando 1,6-anhidro-glucosano. La 
reacción 23 se pudo estudiar independiente-
mente de la primera usando DMP-glucosa 
preparada en una etapa pre.via. Se détermi-
naron las condiciones óptimas para actividad. 
Este paso (Ec. 23) no requiere ningún ca-
tión, contrariamente a la reacción que se 
muestra en Ec. 22, en la cual es necesario el 
ión Mg24. 
El producto formado a partir de DMP-glu-
cosa y que se indica como glucosa-E en la Ec. 
23, se creyó al principio que era una proteína 
glucosilada, pero nuestro trabajo en este as-
pecto recién ha comenzado. Hay pocas pro-
teínas que contienen glucosa. Una de ellas es 
el coLígeno que contiene residuos de gluco-
sil, galactosil hiclYoxi-lisina. Sin embargo, el 
compuesLO formado con microsomas de higa-
do parece diferenciarse claramente del colá-
geno. La última reacción (Ec. 24) no ha sido 
estudiada en detalle y podría ser producida 
por a lguna de las glucosidasas que e sabe 
esdn presentes en el hígado. 
Se estudió la posibilidad de que la gluco-
silación de ceramida, que es el primer paso 
en la formación ele gangliosides, podría estar 
mediado por DMP-glucosa y los resultados, 
aunque no enteramente conclusivos, indican 
que no está involucrada la DMP-glucosa. 
Se probaron otros nucleótido-azúcares y se 
encontró <l u e UDP-N-acetilglucosamina y 
GDP-manosa pueden servir como clonores en 
la formación del correspondiente DMP-azú-
cares. Otros compuestos como UDP-N-acetil-
galactosamina y UDP-galactosa dieron resul-
t<1clos negativos 4Z. 
El estudio ele los intermediarios li piclicos 
está resultando muy interesante. La variedad 
de los poliprenoles es muy grande, pues pue-
den diferir en la longitud de la cadena, nú-
mero de doble ligaduras cis o trans en su 
grado de saturación. Además, pueden tener 
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uno o dos grupos fosfatos y llevar diferentes 
azúcares. La variedad de los azúcares poli-
prenol fosfatos puede ser tan grande como la 
de los nucleótido-azúcares. Ha sido sugerido 
que su rol podría ser el proveer de una por-
ción lipoiilica a los azúcares para permitirles 
su pasaje a través ele las capas lipiclicas ele las 
membranas. Como en la Salmonella los poli-
prenolfosfatos es tán involucrados en la for-
mación de antígenos específicos, parece pro-
bable que en los tejidos animales puedan ser 
los responsables de la formación ele los poli-
sacáriclos superficiales tan importantes en el 
comportamiento de las células en contacto. 
Estas sustancias externas específicas y sus in-
teracciones, que Kalckar 43 en uno de sus pe-
netrantes ensayos llamó "ectobiológicas'', pa-
recen ser de gran importanci31 en el compor-
tamiento "social" de las células. Sin duda este 
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FATTY ACID OXIDATION IN LIVER 
BY LUIS FEDERICO LELOIR AND JUAN l\IAURICIO MUÑOZ 
Fmm the Tnslilul o de Fisiología-Facultad de Ciencias M édicas, Btu•nos Aires 
(Receiuerl 7 March 1.939) 
FATTY acid oxidation in tissues has been 
stuclied by measuring the oxygen uptake or 
the reaction products (acetoacetic ancl p-hy-
droxybutyric acids). The quantitativc irnpor-
tance o( ,8-oxiclation cannot be asccrtaincd in 
this way, as a fraction of the acicls rnight 
undergo sorne other type of oxidation, such 
as the w-oxidation of Verkade & van der Lee 
[1931]. 
T n Knoop's classical theory the succcssive 
elimination- o[ a two-carbon substancc is re-
quired. This sub~tance has been supposed to 
be acetic acicl, but has never been iclenti(iecl. 
The tissue slice techuique of v\Tarburg has 
becn apliecl to thc study o[ this problern by 
Edson [1935, 1, 2; 1936], .Jowett & Quastel 
(1935, 1, 2, 3], Edson & Leloir [1936], Maz-
za [1 936], Cohen R: Stark [ 1938J, etc. Cornbin-
ing this methocl with microestimations of fatty 
acids we have endeavourcd to obtain more 
quantitative results for the oxiclation o[ nor-
mal Iatty acicls with l-8 C atorns. 
Whereas 1iver slices rapiclly oxiclize fatty 
acids, grouncl tissue or enzyme preparations 
havc nevcr shown any such activity. For this 
rcason it has been supposecl that Iatty acicl 
oxidation is in some way dependent on cell 
slructure. We have founcl it possible to pre-
pare a cell-free liver "brei" which will oxiclize 
butyric acid, but attempts to isolate thc cnzyrne 
system have so far failecl , presurnably owing 
to a rapid inactivation by recluction o[ sorne 
o[ the cornponents. 
METHODS 
Flasks as describecl by Krebs [1933] were 
filled with 30 mi. NaHCO~-Ringer solution 
(Krcbs, 19331 and with rat liver slices (about 
200 mg. clry wt.). After mixing the contents 
thoroughy, a 12 ml. initial sarnple was with-
clrawn; the Ilasks were then gassecl with 
0 2+5% co2 ami shaken 2 hr. at 37·5° . 
Bicarbonate was estimatecl as prcviously 
described [Leloir & Muñoz, 1937]. 
I<etone bódies. Acetoacetic acid was est i-
matecl by both the manometric ancl rnodified 
Van Slyke methods as described by Edson 
[1935, l]. Thc arnount o[ NaOH given by 
Eclson Ior the I~upp. titration is slightly too 
srnall and may g1ve nse to errors. It is better 
to clouble the amount, ancl thcn use a cloubl e 
quantity o[ acetic acicl. 
Every cstirnation was carried out in dupli-
cate, the agreernent being good (5 %) . The 
agreement with the manometric method was 
also good (clif[erencc less tran JO %) , but 
only with arnounts larger th:m 50p.l. 
Fatty ncids. All the cxisting methods for 
Iatty acid estimation require relatively large 
arnounts o[ acid. In order to obtain greater 
accuracy ancl a shorter time of distillation we 
have used small volumcs. Distillation was 
carriccl out after treating the sarnples with 
copper-lirne reagent, because glucose can give 
rise to the Iorrnation of distillable acicl. For 
estirnating acids of 3 to 8 e atorns in thc 
presence of acetic acicl, we have taken acl-
vantage of the fact that the latter is not 
oxiclized by clichrornate. Interfering volatile 
substances were eliminatecl by alkaline eva-
poration in thc presence of HgO. Decanoic 
acicl can also be estirnatecl in this way, but it 
was not us·ed in our experiments because oE 
the insolubility o[ its Ca salt. 
The details of the fatty acicl estirnations 
are as follows. 
Precipitation of proteins. In experiments 
with liver slices the liquid can be directly 
36 FATTY .\CID OXLD.\TlON 
treated with copper-lime in the amounts 
given by Edson [1935, 1] . For liver brei, pro-
teins were precipitated with l ml. 1 O % ZnS0 4 
per ml. brei ancl N aOH, the amount of which 
was ascertainetl by ti tra ting the zinc sulphate 
in the presence o[ phenol red to an orange 
yel low. The Iiquid was th en dilutecl 7 times 
and Wtered. Zn cannot be usecl with octanoic 
acid as it forms an insoluble salt. Hg ancl 
Cu octanoates are also insoluble, but the 
latter reclissolves on acl ding Ca (OH) 2 and 
recovery is guantita tive. 
Samples for aciclimetri c tit ra tion were cli-
rectly distillecl, whereas those for clichromate 
oxiclation were treatecl as follows: 
Elilllination of interfering suústan ces. The 
ample (6-8 ml.) a(ter cleproteinization was 
measuretl into a test tube (15X I40 mm.), 
followecl by 0·2 mi. 2 ·5 N NaOH, 0·2-0·3 g. 
powderecl H gO (yellow)) and a small piece 
o[ porous porcelain. It was then placed in a 
boiling a lt water bath (105 °), the test tube 
rack being suspended in such a way that the 
tubes were only partly immersed, so that their 
boiling could be eas ily co ntrolled. 
Boiling was con tinuecl until the ~¡:nples 
were evapora tecl to ha!( volume (about l-2 
hr.), the Iiquid being then reacly for clistilla-
tion. H gO has also been usecl by. Frieclemann 
[1938] in order to remove aldeh ycles, [ormie, 
pyruvic and crotoni c acids, e tc. 
Distillation. A n a ll glass apparatus simil ar 
t.o that describecl bv icl oux el al. [19 34] was 
liSed . As it is ver'y impor tant that the ra te 
o[ di st ill at ion should he reproducible ancl 
constant, electri c hea ting was usecl , the co-
lumn was coverecl with cotton wool ancl the 
nask surroundecl. by a wicle glass tube. 
6 mi. o[ the sample were measured into 
the dist illat ion flask, [ollowecl by 2 g. anhy-
drous Na2SO.,, l mi. H :!SO,, (2 vol. conc. 
H:! O ., Lo l vol. H :! O) ami a capillary tube to 
avoid bumping. Crysta lli zat ion occurs before 
the encl of the distillation i[ smaller amounts 
o( H 2S0 4 are used, but nol under the give n 
conditions. Distillati on takes about 15 min. 
ancl was int-errupted when 5 ml. distillate had 
collected in a 15X l 40 mm. pyrex tes t tube. 
Acidimet1·ic titralion. T he conte nts o[ the 
test tube are boilecl in an open [l ame for JO 
ec. in the presence o[ a small crys tal o[ 
BaCl2 • This removes the C02 and detects the 
presence o[ H 2S04 , any trace of which would 
cause the estimati.on to be di scarded. The 
solution is thcm titrated with O·O l N NaOH 
ancl phenolphthalein. 
Dichroma te oxidatio11. Oxidizing solution: 
2·45 g. K~Cr207 are clissolved in 1 l. oE conc. 
H 2 0 ., (hea t until white fumes appear) . 
1 O mi. of thi s solution are su[[icient for 
ox idizing up to 2 ml. O·Ol N hexanoic acicl. 
For the same amount of octanoic acid the 
so luti on should contain clouble the amount 
o[ K:!Cr:!0 7 • 
To 5 ml. clistilla te contained in a test tube, 
1 O mi. o[ K2C r2 0 7-H 2SÜ.1 are aclded. The 
liquid is alloweclto [all clirectly on the surface 
o[ the clistillate so th a t irnmedia te mixing 
occur . A blank with di tilled water is run at 
the same tim e. The tubes are coverecl with 
a small beaker ancl then immersed in a boil-
ing water bath for 1 hr. The co ntents of the 
tubes are then qua ntita tivel y trans[errecl into 
a 250 mi. Erlenmeyer fl ask, using about 
lOO mi. water. After adding 1 ml. lO % KI 
the liberated 12 is titratecl with 0·025 N 
Na 2Sz0a. 
Calculation. The ml. thiosulphate usecl in 
titrating the blank minus those used: (or th e 
unkn own are multipli ed by 2·5X 22 ·4 ancl 
clividecl by the oxi da ti on equiva lent (Tabl c 
1). This g ive the amoun t of [atty ac id in ,u.l. 
The results obtained by applying these 
methods to pure solutions are shown in Ta-
ble I. 95 % oE the ace tic acitl is recovered 
af ter cli still ation , and recovery is q uan tita ti ve 
for the other acids withi n the titration error. 
R esults of the K2 Cr20 7 oxidat ion show errors 
not excecd ing 10 %, which is satis[actory for 
work with liver slices. There are some diHe-
rences in the oxiclation equ iva lents, these 
errors being specia lly due to the acidimetric 
titration. \IVith sma ll amounts o( acids this 
error becomes greater; ancl with higber [atty 
acic.ls which are insoluble in water, the for-
mation o[ the Na salt takes some tim e anci 
requires strong shaking. This exp lai ns the too 
high valu e obtainecl in the oxida t ion equ iva-
lent when 2 mi. of octanoic acicl' were used 
(Table I) . 
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of fatty ac~d solutions 
Titration with 
0-0 1 N NraO I-I (m i. ) 
,---~ 
Direct Distil lcd 
0-975 0-924 
0 .969 0-935 
l -908 1.862 
1.9 10 J -797 




l -775 l-69:> 
1- 790 1-735 
0-438 0-45') 
0443 0-473 
0-918 o 932 
o 927 0948 


























T i tration with 
0-01 N Na,S,O, (mi.) 
Direct Distillcd 
A ce tic. 
Propioni c 
486 !i- 11 






8- 10 S 56 
8-09 8-32 
l !í93 JG. JO 
l!í-98 l!í 98 
3 1 !íO 31 -80 
3 1-55 3 1-20 
Valeric 
1 I .Oc[ 
10-9 1 
2 1 83 2 1 67 
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Fonnic acid. Distillation under the clescrib-
ed conditions is not quan.titative (about 
70 %) , thereforc es timations with HgCI 2 were 
carried out on the samples after copper-lime 
treatment. The methocl was used as describecl 
by Riesser [ 19 l 5] bu t wi th smaller amo un ts. 
Jn a test tubc with a ground glass stopper, 
5 mi. of the [iltrate were careful ly ncutralizecl 
(phenol red), aml 1 ml. of the HgCI 2 reagent 
addcd (HgCl 2 300 g., Ia acetate 300 g., Na-
Cl 80 g., per l.). The tubcs were then heatecl 
in a sa lt water bath (105 °) for 40 min. Aftcr 
coo l ing, O· 5 m l. glacial acetic a cid, l m l. sa tu-
ratecl KI ancl 2 ml. 0·03 N 12 wcre addecl. The 
tubes were shaken, a ncl after complete solution 
of the ca lomel the cxcess 12 was titrated with 
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40 FATTY ACID OXIDATION 
' 'Vith pure solutions the results ate reprodu-
cible within lO % with amounts ranging from 
30 to 300¡.d. (0·06-0·6 mg.) . 
Units. Results are given in ¡..d., the acids 
being consiclerecl as perfect gases at N.T.P.l 
(22 ·4¡..d.=l,umol.). Q repr:esents ¡..d. of sub-
stance formecl per mg. tissue (dry wt.) per hr. 
EXPERIMENTAL RESULTS 
One of the clifficulties in the interpretation 
of the results is that in the control there is 
always a spontaneous formation of ketonic 
acids ancl that it is impossible LO know if this 
continues at the same rate when a substrate is 
acldecl. This also applies to the measurements 
of 1 a HC03 • Liver slices with no substrate 
produce a clecrease in NaHC03 , less than haH 
of which is clue to ketonic acids. The rest is 
not due Lo lactic acicl or to a distillable acid. 
Perhaps it is due to a fixation of base (K) 
by the liver slices. 
For this reason we shall often refer to thc 
correctecl Q. This is the value obtained by 
subtracting the value of Q given by a control 
with no substrate. Measuring as we hav_t:. .done 
in every case the clisLillable acicl, acetoacetic 
ancl ,8-hyclroxybutyric acicls ancl NaHC03 , we 
can get a rough idea of the formation of a 
non-clistillable non-ketonic acid. 
Slices in the presence of, e.g., Na butyratc, 
consu me the Lutyrate ion and an increase in 
JaHC0 3 occurs; ketonic acids are formed 
clecreasing the NaHCO, , ancl if any other acicl 
is formed it will also decrease NaHC03 • We 
shou lcl then have: 
-Qbic· {corr.) = Qd i •~· ao·+ Qke~onic ac·+ Q NN· 
QNN would thereforc represent the non-
clistillable non-ketonic acicl. Naturally, as this 
is calculatecl indirectly, QNN will only be signi-
Iicant when its value is large. 
Fonnic acid. Liver slices without subsLrate 
give rise to Lhe formation of a ubstance which 
is estimated as formic acid (see Table II, 
Nos. 1 ancl 2). This amounts to about 24¡..d. 
per ml., giving a Qrormic of l ·27 ancl 0·75. 
The methocl of estimation usecl is far from 
specific and we can not assert that Lhis sub-
stance is really formic acid. 
On aclcling formic acicl Lo liver sl1ces a 
small clisappearancc occurs: Qrormic =- 1·1 
aml - 0·06. Subtracting Lhe spontaneous [or-
mation, the values for the disappearancc 
(- Q) would, be 2;37 ancl 0·81 respectively. 
Ketonic acid lormation is not moclificd ancl 
the acicl clisappearance is in good agreement 
with the changes in NaHCO, : Qbic. (correct-
ed) 2·44 and 0·65. The velocity of clisappea-
rance of formic acicl is thereforc small, ami 
if it were formecl from aclded fatty acicls we 
shoulcl expect it to accumulate to a certain 
extent in the medium. As we shall see later, 
this is not the case. 
Acetic acid. Acetic acid clisappears ~t a rate 
more than twice that of formic acid. 
The values of - Qacct ic obtainecl by distilla-
tion ancl titration with r aOH were 5·3, 3·8 
ancl 5;1: corresponcling Qbic· ' 4·6, 3·5 ami 
4;4. Q .kcto. (corrected) amountcd to 0·8, 0·6 
ancl 1·8. 
Calculating with thcse results the non-
distillable, non·ketonic acid (QNN =- Q bic 
- Qdist. - Qkcto .) we obtain - O·I, - 0·3 
ancl - l·J. Therefore, whcn acetic acicl disap-
pears, therc is no lormation of any other 
acid except acetoacetic ancl ,8-hyclroxybutyric. 
It is clear from these experimen ts that the 
in crease in ketonic acids o ni y accounts lor 
a small lraction of the acetic acid which 
clisappcars. The amount of aceLic ac icl which 
clisappears is 6·6, 6·3 ancl 2·8 times greaLer 
than the ketonic acicls formecl (mol. per mol.) . 
The mechanism of this reaction has been 
discussecl by Krebb & Johnson [ 1937]. They 
give goocl ev iclcnce that the first ste¡? is a 
conclensation of acet ic wi th pyruvic acicl, aceto-
pyruvic acicl being formed. The latter is then 
transformcd into ketoni c acids. 
Acetic acid increases Qo" by 2-4 units am.l 
is therefore probably oxiclizccl. If the oxicla-
tion were clirect, the only possible-interme-
diary woulcl be glycollic acid, which would 
then be oxiclizecl to glyoxylic ancl this acid 
might give 2 moL of lormic acicl or be oxi-
clized to oxalic ac id. But Lhis cloes not occur 
in livcr, as is provee! by the experiment in 
Table III in which the changes in bicarbo-
nate ancl keLonic acids werc measurecl. 
1 We have continued using JLI · bcca use it is lhe 
unit usecl by .al! those who have worked with tissue 
sl ices, but it woulcl be more correct to use JLLTIOI. 
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TABLE III Liver slices in úicarbonale Ringer 
No subslralc 
Acerare 0-02 M 
Glycollatc0-002 M 
Oxalalc ().02 Nl 
This experiment shows tha_t the ace~ate ion 
disappears, proclucing an mcrease 111 base 
(Qbic .) . In the presence of glycollate this 
increase in base does not occur; on the con-
trary there is a slight acidi Eica tion whic_h 
might be due to oxidation to oxalate. Oxallc 
acicl is not oxidizecl, for this were the case 
it would give two basic equiv. per mol. 
In another iclentical experiment formic 
acid was also estimated, no clifference being 
founcl between the flask with no substrate 
aml that with glycollic acicl. 
If acetic acid disappears by conclensation 
with another substance one woulcl expect that 
the addition o( that substance woulcl increase 
the rate of disappearance. Experiments in this 
direction were not quite satisfactory, because 
our method was not capable o[ detecting very 
small changes. Nevertheless we have tried 
many substances (C., dicarboxylic acicls, gly-
cine, aspartic acicl, iugdin, dry thyroicl, glu-
cose, fructose, lactan te, ci tra Le, 1 i ver a ncl yeast 
extracts etc.) without fincling any appreciahle 
increase in the rate of clisappearace.-
Malonic acicl inhibits acetic acid cli ~appear­
ance (M j50 malonate clecreases Lhe - Qacctic 
from 5 · 1 to 2 · 1) . 
Propionic acid. The rate of disappearance 
is small (Qpropionic =- 2·22 aml - o-89) ; 
decrease in clistillable acid,- ] ·80 and - 0·33. 
Q ' bic. (corrected) = 0·33 and 0·23: increase 
in ketonic acids = 0·29 ancl 0·27. 
As propionic acicl is metabolized slowly we 
have not triecl to determine what is the first 
reaction pro el uct. 
Butyl'ic ocid. 0[ all the acicls stucliecl bu-
tyric is oxiclizecl most rapiclly (- Q l bu tyric 
9·8, 9·7 and 7·7, Table 11). The corespond-
ing values o( Qkcto . were 6·9, 8·6 and 8·.2. 
Therefore 70, 89 and 106 % o[ Llw butyric 
acid was transformed into ketonic acids. 
The val u es of Q bic . ( correctecl) were O· 5, 
O ancl 0·9. This shows that only a small 
amount is totally oxidized (5, O ancl 12 % 
respective] y) . 
Valeric ncid. Experiment with valcric acid 
Q bic 









(Nos. 11 and 12, Table II) gave the iollow-
ing results: Q ·valcric =- 2·03 and -2:25. 
Qdist. ac. = -1·40 and -1.86. Qbic· (co-
rrected) = + 0·2 ancl - 0·40. Qkcto (correct-
ed) = O·ll ancl 0·8. The clifference between 
the values ohtained by titration wiLh aOH 
ancl by oxidation are too small to be signi[i-
cant. The amount of non-clistillable non-
ketonic acid would be 1·09 aml 1·46; values 
to '1-vbich no importance can be given owing 
to the indirect way in which they are cal-
cula tecl. 
Hexrmoic. The rate of disappearance o[ 
hexanoic acicl, as measured by the oxiclation 
methocl, was - Qhexanoic = 7.55, 5.8 and 
4.77; and as measured by distillation ancl ti-
tration with NaOH: - Q dist. ac. = 6 28, 4.8 
and 4.97. The clifference between these va-
lues (1.27, 1.0 ancl O) is attributed to a small 
accumulation o[ acetic acicl. 
H we suppose that each molecule of hexa-
noic gives rise to one of ketonic acid and one 
of acetic, the Qkctonic ac. : shoulcl be equal to 
the Q · hcxa noic plus the amounts of ketonic 
acicls which are formed from acetic acid. 
The values found for the Qkctonic ac. 
( correctecl) were 9.28, 6.4 and 5.83. They 
are Jarger Lhan Lhe Qhcxa noic , the excess 
being: 1.7 0.6 ancl 1.06. These values are of 
the 'o rdet: o[ thosc found for acetic a cid 
which can in crease Lhe Qkctonic ac. . by l or 
2 units. Moreover, the amount of acetic acid 
[ormed should be equaJ to thc - Qltcxanoic · or 
this, part accumulates in the medium (1.27, 
1.0 ancl O) and tl:e rest (6.28, 4.8 ami 4.97) 
would disappear. The latter values are o[ 
the orcler of those founcl for the disappcaran-
ce o[ aclcled acetic acicl. 
The values of - Q bic. (correctecl) were 
2.89, 1.46 ancl 0.80. From these we can cal-
culaLc the non distillable non-ketonic acid 
(-0.11, -0.14 ancl - 0.06). These small 
val u es not on !y show tha t no fixecl a cid is 
formed but also that there is a good agr ~e­
ment between the different rnethocls of esti-
mation. 
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H1·ptanoic (Exps. 15 R: J G, Table II). Va-
Jucs obtained for the disappearance of h ep-
tanoic were - Q -hcptanoic = 2.81 and 3.1; 
- Qdist. ac . . = 1.86 and 0.78. The diHerence 
between these values (0.95 ancl 2.32) would 
i ndicate the accumulation of a di still a ble acicl 
whiclt is not oxiclizecl with dichromate (ace-
ti c) . 
The in creases in the Q kewni c ac. . were 0.38 
a r~d 0.65. The Q bic. (corrected) = + 0.60 and 
- 1.23. The non-clistilla ble non-ketonic a cid 
would be 0:88 and 1:36. All th ese results may 
be interpreted by the classica l ,B-ox iclat ion: 2 
mol. acet ic acid ancl 1 mol. propionic ac id 
being formecl from each mol. o l h eptanoi c 
a cid. 
The la nth anum reaction, us1ng the techni-
que described for octanoic ac id , was carr ied 
out in three experim ents. The final sample 
of the flask containing slices and h epta noic 
acid gave a positive reaction. T h e reaction lo-
ses in this case some o( its valu e because th e 
positive result could be clue to propionic ac id. 
Oclanoic acid. This acicl disa ppea rs at a 
greate r rate th an any of the odcl numberecl 
acids. - Q oclanoic = 6.4, 7.1 , 6.9 ancl ..Ji.4. 
Th e corresponding Qkcwnic ac. . (correc ted) 
7.7, 12, 8.9 and 8.2. There(ore each mol. 
octanoic acid gives rise to 1.2, 1.7, 1.3 and 1.5 
mol. ketonic acid (Exps. 18, 19, 20 a nd 2 1, 
Table II). 
The amou nt o[ acetic acid formed would b e 
(Qacctic = Q :>cla noic- Q ' dist. ac. .) 1.9, 2.3, 
2.6 ancl 1.7. The Q bic . values (corrected) 
were : - 2.9, - 4.7, - 3.6 ancl - 3.6. 
The calcula tion o( the amount of non-llis-
tillable non-ketonic acid gives negative values 
(- 0.3, - 2.5, -- 1.0 and - 0.9). 
Accordi ng to the classica1 ,B-oxiclation each 
mol. octa noic acicl should give one of ketonic 
acid a nd two o[ ace ti c. There(ore Qkcwnic 
hould be equal to the- Qocl:~no i r ancl clou-
ble thi s amount of acetic shoulcl be fonned. 
But in our exp eriments the Qkcwnic ac. . ex-
ceeds t!-.e Qoctanoic by 1.3, 4.9, 2.0 a nd 2.8. 
Some of these values are considerably greater 
tha n the a mounl! of ketonic acids that arise 
from ace tic ac id and cannot be a ttributed- to 
experimental errors as every est imation was 
carried out in duplicate. Moreov-er, the amount 
of acetic acid formecl should be double the 
- Qoctanoic , that is 12.8, 14.2, 13.8 and 10.8; 
of this a part (Q = abo u t 2) accumulates in 
the meclium and the rest shoulcl disappear. 
But we llave seen that acetic disappears at 
most ata rateo[ Q = ·1- 6. H we suppose that 
each mol. of octa noic acid is spli t into two o[ 
keLOnic acicl the Qkctonic shoul d be cloubl e 
the Qoctanoic a ncl this does not explain the 
exper imental results. 
" re m(ly then suppose that. octanoic ac id 
can be ox icli zecl by both m ech anisms, a frac-
tion (a) would give 2 mol. ketonic acicl ancl 
the rest (b) would give 1 mol. ketonic acicl 
and 2 mol. acetic ac icl. 
To test this h ypoth esis we carriecl out ano-
ther set o[ cxperiments (Nos. 22, 23 and 24) 
in which acetate was adcled to the control, 
enabling us to ascertain for the liver specimen 
how m uch ace ta te cli sappears ancl the amo un t 
o( ketonic acicls which are formecl from it. 
The amount o( octanoic acid which is oxi-
dizecl by the mechanisms (a) ancl (b) is ca l-
cul atecl as follows: Qoc•anoic = a+ b (I). 
Tbe amount o[ ket:onic acids formed will be 
(II) 2a + b + Qkctonic (control) (this re-
presents the amount formed spontaneously 
and from acetic acicl) . 
R ep lacing in (II) thc value of (l;) in (l ) 
we obtain: 
a= QkciOnic - Q ,ctanoic - Q kctoni c (control) 
On applying this equa tion lo the experi-
m enta l results we obtain the values givcn in 


















L. F. LELOlR AND J. i\f. i\IUNOZ 43 
We can now calculale the amount (2b) oE 
acelic acid 1ormed from octanoic acid. '"'e 
know by experiment how much acetic acicl ac-
cumulates and we also know the rate at whic;h 
acetic a cid disappears in that li ver (Irom the 
control) . We can then compare the values Ior 
acelic acicl formation calculatecl from the 
Qoctanoic and lhe Qkcwnic with the values 
oblained from lhe accumulated a ce tic a cid: 
(Qdist. ac. - Qortanoic ) plus the acetic acicl 
which clisappears in the control 
The - Q acetic of the control= 6.69, 4.64 
and '1.81. Accumulated acetic = 1.83, 1.15 
and 2.10. The sum of lhese values would be 
the acetic acicl Iormecl Irom octanoic = 8.5, 
5.7 and 6.9 (cale. values (2b) = 6.5 ,5 .6 and 
5.!{). The agreement is good if we consider 
that the acetic acicl formecl is calculatecl in an 
inclirect way. 
Acelic acid fonnalion fwm octanoic acid. In 
the experiments wilh oclanoic acicl we have 
found a diHerence o[ 1 or 2 units in the Q as 
measured by oxidation and as measurecl by 
tilration wilh NaOH. This we have attributed 
to an accumulation of acetic acicl. These re-
sults may also be attributed lo the formation 
o[ acids with less e atoms (formic, butyric or 
hexanoic) . 
Formic acid fonnation is excl uded because 
estimations showed no clifference between sli-
ces with ancl without octanoic acid. Butyric 
acicl clisappears faster than octanoic so that 
its accu mulation is not probable. 
Lantll{{nwn renction. In order to confirm 
the fact that acetic acicl is really formecl we 
hace usecl the lanthanum reaction. Acetic acid 
does not give the lanthanum reaction in the 
presence oi octanoic acid, which must be re-
moved as its less soluble Ag salt befo re carry-
ing out the test. 
The liguid to be examinecl was treatecl with 
copper-lim e, the alkaline Iiltrate was evapo-
rated to dryness in a water bath; the residue 
was extracted with hot water (6 mil.) and dis-
tilled. The clistillate (5 rnl.) was carefully neu· 
Lra)i;.ed, solid Ag"S0 1 aclclecl ancl the solution 
was boiled and then coolecl to - 2° ancl fil ter· 
ed. The filtrate was distillecl ancl the lantha-
num reaction rKri.iger & Tschirch, 1930] ap-
plied to the clistillate. 
As in al! the experirnents, liver slices (200 
mg. dry wt.) were suspended in 30 ml. of 
NaHC03-Ringer m two flasks. One of them 
containecl octanoate (0.01 M) and the othex 
no substrate. An initial sample of 12 mi. was 
withdrawn from each ancl the rest left 2 hr. 
at 37°. Of these four samples treated in the 
same manner only one gave a positive lantha-
num reaction. This corresponded to the final 
sample of the flask with octanoate. 
That acetic acid responsible for the positive 
lanthanum reaction does not arise from the 
action of alkali on acetoacetic acid was proved 
by adcling ,B-hydroxybutyric acid to sorne of 
the controls. Although a considerable forma-
tion of acetoacetic acid occurred, the La reac-
tion was always negative. 
ÜXIDATION OF BUTYRlC AClD IN A 
CELL-FREE "BREI'' 
Prepamtion of thc "brei". \1Ve have uscd a 
similar proceclure to that described by Potter 
& Elvehjem [1936]. A bulb is blown at the 
end ol' a capillary tube in such a way that it 
fits with less than 0:3 mm. clearance in a strong 
test . tu be ( 16 X l 50 mm. or 22 X 200 mm. 
accorcling to the amount of üssue) . The liver 
of one or two recently killecl rats is weighecl, 
cut in small portions with scissors and put in 
the test tube which alr·eacly contain the coolecl 
alkaline buffer (31 g. NaeHPO,, 2H20 + 8 g. 
KCl per l.; l .53 ml. per g. 1iver) . With the 
test tube in a freezing mixture, the piston is 
introducecl ancl worked up and clown energe-
tically. ' 'Vhen the contents are frozen the ope-
ration is con tinuecl out of the freezing mix-
ture. After thawing, the tube is again put in 
the freezing mixture. The procedure is conti-
nued for lO min., 0.5 M KH2PÜ 4 (0.87 rnl. 
per 10 rnl. of alkaline buffer) is aclcled and 
the liqu id is filtered through muslin. During 
all these rnanipulations the contents o[ the tu-
be are aerated with Ü e. 
Microscopical examination 1 of the "brei" so 
obtainecl shows the absence of liver cells, only 
some nuclei and white ancl red blood ce!ls 
being visible. (Bloocl has no oxidative activi-
ty.) The resulting pH is optimal for thc pre-
paration, aclclition of small amounts of acicl 
or alkaline buffer clecreasing the activity. 
Activit.y measurements can only be made by 
n 'Ve are indebtecl to Dr. Porto for lhe micros-
copica l study of our preparalions. 
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estimat ing butyric acid. The 0 2 uptake wi-
thout added substra te is so great that it can-
not be used to determine the rate of butyri c 
acid oxidation. 
Butyric acid acldecl to this "brei" at 25° in 
0 2 disappears. That this disappearance is due 
to oxidation is proved by estimation of aceto-
acetic a ncl ,B-hyclroxybutyric acids. The "bre i" 
is rapidly inactivated in absence of 0 ": it is 
sufficient to leave it in a test tube at room 
tempera ture for 15-30 min. without bubbling 
0 2 through ít, in order to obtain complete 
inactivation. 
Succini c, fumaric, ma lic and citric ac ids acl-
ded to the "brei" increase the disappearance 
of butyric acid but exert no action once the 
' 'brei" has been inactiva te el b y anacrobiosi s. 
Table V. Cell-free liver " brei'' 7 m l. (about 700 rng. d1y wl.) . 2 In. at 25°. Gas 0 2 
Accto · Toto l 
Butyric ~ 
acetic kctonic 
¡.d . a cid B-H ydroxy- a cid 
jtl . jtl. butyric jtl. Kctonic 
a cid Butyric 
Bu tyrate added 3029 
"llrei" + butyrate 2370 -742 788 420 + 796 1:07 
+ no substra te 83 137 412 
+ butyrme + fumarate 2159 - 924 125 835 +. 640 ü:69 
+ fumarate (0:01 Jltf) 74 
In Table V wc give the results of one of 
three exp. with fumaric acid. lt shows tha t 
the " brei'' with no substrate forms a certain 
amount of ketonic acids. '1\Then butyric is acl-
~l ed it dis~ppears and there is a corresponding 
111 crease m total k e ton ic acids. ' 1\Then both 
butyric ancl fumaric acicls are aclded mo¡;e bu-
tyric disappears (sometimes 50 % or -;~re), 
but the ketonic acid forma tion does not in-
crease so m u ch. 'l\7i th bu tyric a cid a]one the 
l 
. total kctonic 
re atwn was 1.07 and when fu-
bytyric acid 
maric was a lso present it was only 0.69. 
Moreover, when fumaric is prese n t more of 
the ketonic acid appears in the reduced state. 
The relation ¡1-hydroxybutyri c is 0.5 with bu-
acc toa cct ic 
tyric acicl alone ancl 5.3 when fum aric acicl is 
al so presen t. 
DISCUSSLON 
The methocls described are suitable Ior the 
type of exper iments Ior which we h ave usec.l 
them, and with sl ight modifications might be · 
useful for other purposes. They are good for 
acids with 3-8 e atoms, the oxiclation with 
clichromate being more accurate than ac icli-
·metric titration. One important point is that 
a ce tic a cid cloes not in ter fe re in the oxida tion 
metbocl . 
l\feasurements o( the rate of clisappearancc 
5 195 
of saturatecl fatty acids show a net clifference 
between the odd ancl even se ries. This diffe-
re nce is also observed in the ketogenesis, but 
is not clear rrom meas uremen ts of O~ uptake : 
th c in creases in Qo~ [data o( Eclson, 1935, 1] 
being C, , l .1; C", 3.8; C:~, 0.6; c., 4.0; C", 
2.1; Ce, 1.7; C,, 2.4; CR, 1.3. By measurement 
o( the disappearance of thc acids we h ave ob-
tainecl G,, l .5; C", 5; C~, 2; C,, 9; C,, 2; Ca, 
6; C,, 3; C8 , 6. 
Formi c ac id is presumabl y oxidizecl com-
pletely to CO " and H~O. Liver slices without 
any aclded substrate givc rise toa small amount 
of a substance which is estimated as formi c 
a cid (as was observed in 1 iver perfusion by 
Toenniessen & Brinkmann p938]). Owing 
to the lack o[ sp ecificity of the methocl we 
h ave used we ca nnot be sure if it is in fact 
formic acicl. The Jormation o( this substan ce 
does not in crease in the presence of octanoate. 
Acetic acid di sappears at a much highcr rate 
and, as bicarbonate increases proportionall y, 
we may deduce th at no other ac icl accumu !ates. 
Oxalic ancl glycolli c acids clo not give an in-
crease in base; there(ore they can not be in ter-
med iaries in the disappeara nce; formic acicl 
can also he excl ucled as its oxiclat ion is too 
slow. 
, 
The amount o( ketonic acids formecl from 
acetic ac id onl y accounts Jor at \lUt 20% of 
that disappearing (mol. per mol.). '1\Te have 
not be en a ble to fi nd out how the rest of the 
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acetic acid is metabolizecl. If it were by con-
densation with another substance we might 
expect an increased disappearance on adding 
that substance but this was not observed ,in 
our experiments. The fact that there is an 
increase in 0 2 uptake with acetic acicl indi-
cates that a part of it is oxiclizecl, although 
probably not clirectly. 
The rate o[ clisappearance of propionic acid 
is low and therefore we have not tried to find 
out how it is oxiclized. 
Butyric is the acicl which Is most rapiclly 
oxidizecl by the liver. Most of it (80 or 90 %) 
is ,8-oxiclizecl, but we cannot completely dis-
miss the possibility of a very small fraction 
undergoing sorne other type of change. 
Valeric clisappears at about the same rate 
as propionic acicl. The small increase in keto-
nic acid formation alreacly observecl by Edson 
[ 1935, 1 J a nd .J owett & Quastel [ 1935, 2] 
might arise from the acetic acid formed. Re-
sults obtained with hexanoic ancl heptanoic 
acids can be quite well interpreted by ,8-oxi-
dation. 
v\Tith octanoic acll;t results are rather more 
complicated. This acicl gives more acetoacetic 
-+-- ,8-hydroxybutyric than is requirecl by a suc-
cessive ,8-oxidation, but not enough to ac-
count for the molecule breaking up into two 
tl carbon units. If we suppose that a lraction 
of octanoic acid follows each of these possibi-
lities, the experimental results can be well in-
terpretecl. 
This type ol oxidation of latty acicls has 
previously been suggestecl by Jowett & Quas-
tel /]935, 2], although the theory was su p-
ported by somewhat indirect eviclence. Ac-
corcl ing to Jowett & Quastel the Iatty acid 
molecule (e.g. octanoic) woulcl unclergo a si-
multa neous oxidation at the 2, 4 and 6 e 
atoms. The triketo-acicl formecl, which might 
only exist in combination with the enzyme, 
can then break clown, giving 2 mol_ acetoace-
tic or J mol. of acetoacetic ·ancl 2 mol. o[ ace-
tic acid. This interesting hypothesis exp1ains 
satisfactori ly the results we have obtainecl. In 
our experiments about 30% of the octanoic 
acül would be split into 2 mol. acetoac~ tic. 
Moreover, Butls et al. [1935] and D euel et al. 
[1936] have founcl that feecling rats with mea 
surecl amounts of the salts or the ethyl esters 
of hexanoic to tetraclecanoic acicls leacls to the 
elimination of twice the expectecl amount ol 
ketonic acicls. 
When octanoic acicl is oxiclized by liver sli-
ces, a certain amount of acetic acid accumu-
lates. This was ascertained by estimation ancl 
by the lanthanum reaction. 
Attempts to iso1ate the enzyme system which 
oxidizes butyric acid have failed. Precipitares 
obtained with acetone, ammonium sulphate 
and acetic acid are inactive ancl are not acti-
vated by adding ''kochsaft" or "brei" from Ji-
ver or muscle. As the inactivation is presuma-
bly due to a reduction by the substrates pre-
sent in the 1iver, we have also investigated if 
the presence o[ oxidants would ac tívate the 
preparation. However, H 20 2 , ferricyanicle, 
iodate, quinone etc., all actecl as inhibitors, 
and in Iact nearly everything tl·'iecl actecl as an 
inhibitor. 
The activating effect o[ dicarboxylic acids 
on the "brei'' is clifficult to unclerstand. Szent-
Gyorgyi [1937] has observed a similar action 
on the 0 2 uptake of pigeon muscle "brei", fu-
marate acting as an activator but having no 
action if adclecl after a certain time. 
The anaerobic inactivation of the ''brei" 
appears in our case to be the inverse of what 
is known to occur with other enzymes. Thus 
papa in, cathepsin ancl succinic dehyclrogenase 
[Hopkins et al. 1938] are inactivatecl by milcl 
oxidizing a gen ts. 
SUi\Ii\IIARY 
A micromethod for the estimation of (atty 
acicls by distillation ancl oxiclation with clich-
romate is describecl. 
The action of liver slices on normal fatty 
acicls with l-8 e atoms was stuclied. 
The rates of clisappearance (-Q) of the 
clifferent acids are: formic l-5; acetic, 5; pro-
pionic, 2; butyric, 9; valeric, 2; hexanoic, 6; 
heptanoic, 3; octanoic, 6. 
Glycollic and oxalic acids are not interme-
cliaries in acetic acicl clisappearance. The ke-
tonic acids formecl only account for about 
20 % o[ the a ce tic a cid consumed. Bu tyric 
acicl is almost completely (80-90 %) oxidi-
zed in the ,8-position. 
46 FATTY ACID OXIDATIO. 
Hexanoic and heptanoic acids also seem to 
follow classical ,B-oxiclation. 
Octanoic acid appears to be oxidizecl, a part 
giving 2 mol. of ketonic acid and another part 
giving 2 mol. of acetic and 1 mol. oE ketonic 
acicl. Acetic acid was iclentified by the lan-
thanum reaction. 
Butyric acid oxidation can be obtained 111 
a ccll-free Jiver "brei". This preparation JS 
REFERENCES 
Burrs, Cun.ER, HALLMA:-.1 & D EUEL (1935). ]. Biol. 
Chem. 109, 597. 
CoHE:-.1 & STARK (1938). ]. biol. Cl,cm. 126, 97. 
DnJFr., HALL~fAN, Burrs & i\IuRRAY (1930). ]. biol. 
Chem. 116, 621. 
Enso\1 (1935, 1). Biochem. ]. 29, 2082. 
(1935, 2). Biochem. ]. 29, 2498. 
(1936). Biochem. ]. 30, 1855. 
--- & LELOIR (1936). Biochem. ]. 30, 2319. 
FRn:OE~tA:-.IN (1938). ]. biol. Chem. 123, 161. 
JlOPKINS, i\IORCAN & LUT\VAK l\fANN (1938). Biochem. 
]. 32, 1829. 
Jowur & QUASTEL (1935, 1). Biochem. ]. 29, 2143. 
--- --- ( 1935, 2). Bioche111. ]. 29) 2159. 
rapidly inactivated, cspecially uncler <ll1aero-
bic ronditions. 
e, dicarboxylié acids appcar to exert an 
activating action on the "brei". They decr·ea-
se tbe amount oE total ketonic acicls formecl 
ancl increase the recluction o[ acetoacctic ac id . 
'Ve wish to thank Prof. B. A. Houssay for 
his interest ancl advice in our work ancl Dr. 
1\1. Dixon for kinclly correcting the proo[s. 
--- - -- (1935, 3). Riochem. ]. 29, 2181. 
Ktmns (1933). J-IopjJe-Seyl. Z. 217, 191. 
--- & JOIINS0:-.1 (1937). Biohcem. ]. 31, 772. 
KRUCER ,· TSCIIIRCH (1930) . Bn. dtsrh. chem. Ces. 63, 
826. 
LELOIR & ~f liÑOZ (1937). Biochem. ]. 32. 299. 
MAZZA (1936). Arch. Sci. biol. NafJo!i, 22, no. 3. 
NrcLOux, LE BRF.TON & DoNTCIIEFF (1934) . Bull. Soc. 
Chim. biol. Pa,·is, 16, 1314. 
POTTER & Er.vEnJEM (1936). ] . biol. Clzem. 114, 495. 
RIESSER (1915). HofJjJe-Se)>l. Z. 96, 355. 
SZENT-CYoRcn (1937) . 'Studies on biologica1 oxida-
tion ami some of its catalysts." Arta Univ. zeged. 
TOENNIESSF-.; & BRINKMAN:-.1 ( 1938). HofJpe-Sey/. Z. 252, 
169. 
VERKADE & I"Aii DER LEF. (1934). HojJfJe-Sey/. Z. 227, 
213. 
NATURI<: 
\'ol. 144, p. 980, 1939 
HYPERTENSIN: THÉ SUBSTANCE CAUSING 
RENAL HYPER TEN SI ON 
An incrcase in bloocl pressure is produced 
by compression o( the renal artcry 1 or by in-
jection o( the venous blood of the kidneys z. 
Thc filtrate obtained after adcling 3 vol. of 
acetone to the serum of this blood contains a 
pressor substance which is insoluble in ether 
and amyl alcohol, soluble in glacial acetic acicl 
ancl is destroyed only a(ter three hours boiling 
in normal h yclrochloric acicl. The same sub-
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stance is formed 011 incubati11g for fifteen mi-
11 u tes at 379 the kiclney protein re11i11 3 with 
bloocl serum or its pseuclo-globulin fractio11. 
This substance, which we name hypertensin , 
is different Irom adre11alin, tyramin, pitres-
sin ancl urohyperte11sin. Renin appears to b e 
a proteolitic enzyme of the papai11 type, which 
liberates hypertensi11 from a blood protei11 be-
Ionging to the pseudo-globulin fraction. 
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LE1TER (s) TO THE Em-roRs 
A COENZYME FOR PHOSPHOGLUCOMUTASE 
A stmly of the enzymatic transformation 
of galactose-1-phosphate revealed that extracts 
o( Sacchammyces fmgilis will transform this 
subst;mce into a reducing ester only in the 
prcsence of a thermostable factor. The same 
[actor has be en fou nd to be necessary for the 
conversion of glucose-1-phosphate into gluco-
se-6-phosphate with extracts of S. fragilis or 
S. rr>revisiae. 
The action of tbis coenzyme can be revea-
lecl in crude maceration cxtracts, but these 
retain a considerable activi~y in the absence 
o( addecl coenzymc. R esults recorded in Fig. 1 
were obtained with a brewers yeast enzyme 
partial;y purified by ammonium sulpbate 
íracLionation and dialysis. The coenzyme pre-
paration was obtaine_9.,_[rom brewers' ycast, 
thc ratio: activity/ ext in ction at 260 m¡.t was 
150 times higher than in the extract obtainecl 
by hea ting the yeast in one volume of water 
ancl (iltering. The ratio activity/total phos-




F1c. 1 Activation of phosphoglucomutase with thc 
coenzyme. Recluci ng power measurecl with a cop-
per reagent ancl a g1ucose-6-phosphate stJanclard. In-
cubation at 309C. of: partially purified enzyme, 0.005 
¡.<M l\fg + + synthelic g1ucose-l-phosphatc 1.5 ¡.<M, 
purificd cocnzyme containing 0.1 ¡.<M tota!l phosphate. 
Total volume 0.2 mi. 
TABLE I 
Cho.nges in PhosjJhate Fmctions 
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a I>hosp hatc libcratccl in 10 min, at l009C. in IN acicl minus inorganic. 
b Toual phosphate minus labi1c and inorganic. 
e Reclucing power in terms of a glucose-6-phosphate standard. 
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In Table I are recorded thc changes in the 
phospha te fractions and in reclucing power. 
These corresponcl to those known to be 
brought about by phosphoglucomuta ·e. 
"\ Ve have bcen unable to idcntifiy this fac-
tor with any of the known coe nzymes. It can 
be precipitated from crude solutions with 
lead, mercury, 5i lver, ancl barium salts. In 
general, it fol lows inorga nic phosphate du-
ring fractionations with these reagents. Inor-
ga ni c phosphate can be removed from it as 
magnesium ammonium or as uranyl sa lts, 
whcn the coenzyme will no longer precipita-
te with mercury salts. 
Purifi ed preparations are colorles ancl show 
Instituto d e Inves tiga cion es Bioq uím ic;Js 
fundación Campo mar 
J. A 1 va rcz 1 7 1 9 
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ultraviolet absorption at 260 m¡..c., but puri(i-
cation will havc to be carried on funh er to 
íind out whether this absorption is due to 
the active comp.ound. 
Treatment with N/2 acid at 1009C. wi.ll 
destroy the activity i. n 15 min . It is more 
re istant to treatment with alkali under the 
sa me conditions. 
Kendal and Stickland (1) obtained an acti-
vation o.E phosphoglucomutase by aclding 
h exose diphosphate, but Cori. et al. (2) were 
unable to obtain any effect. Thc h exo edi-
phospha te prepara tion of Kencl al ancl Sitck-
lancl may h ave been con tamin ated with the 
new coenzyme rcportecl in this paper. 
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THE ENZYMATIC TRANSFORMATION OF GALACTOSE 
INTO GLUCOSE DERIVATIVES 
Extracts o( galactose-Iermenting yeasts con-
tain the enzyme galactokinase, 1 which cataly-
zes a transphosphorylation between adenosi-
ne tri phospha te ancl galactosc. The rcaction 
a partially puriried enzyme o( Sachcnomyces 
fragilis was used , two adclitional factors are 
neccssary Ior maximum activity (Fig. 1). One 
is thermolabile ancl the other thermostable. 







o · .... 
u ·e no galactose-1- P hosph ate 




Flf;. l. The transformation of galactose- 1-phosphate 
into glucose-6-phosphate. Whole system, 2 p..M. o[ 
gal,actose-6-pho phate, 1 p.M of MgSO., 0.03 ml. of 
panially purified S. fragilis enzymc, 0.01 ml. of musclc 
cxtmct containing phosphoglucomutase, and 0.05 ml. 
o[ purificd thcrmostab le factor from yeast; total vo-
lum c, 2.3 mi. The glucose-6-phosphate is measured 
by its reducing power.3 
procluct galactose-1-phosphate was known to 
be transformecl by crude extracts 2 probaby 
Lo glucose-6-phosphate. 
ancl has been iclentified with phosphogluco-
mutase by using this enzyme as purified by 
Najjar,4 or yeast extract plus glucose clipho-
sphate.3-5 The reaction wouid be A study of this reaction showecl that, when 
Galactose-1-phosphate -> glucose-1-phosphate ~ glucose-6-phosphate 
(a) ( b) 
52 ·ENZIM.\ TlC TR.\ NSFORi\rATl0:\1 OF GALACTOSE 
In the absence of phosphoglucomutase, glu-
cose-1-phosphate accumulates, as may be as-
certainecl by clestroying the S. fragilis enzyme 
by heating, aclding phosphoglucomutase, ancl 
then measuring the glucose-6-phosphate for-
mecl. 
The thermostable factor has been found 
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to act 111 reaction (a), ancl is cliferent from 
glucose cliphosphate, which acts in reaction 
(ú). This factor is present in mammalian liver 
ancl in commercial yeast. It is hopecl that i ts 
identification will cast sorne light on the long 
sought mechanism of the inversion at c4 in 
hexoses. 
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THE FORMATION OF GLUCOSE DIPHOSPHATE 
BY ESCHERICHIA COL! 
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JNTRODUCT!ON 
Glucose-1,6-diphosphatc1 has been founcl to 
actas a cocnzyme in the rcaction: 
( 
Glucose-1-phosphate :;===: glucose-6-phosphate 
when it is cata ly?ed by yeast or animal tissue 
phosphoglucomutase (2). During this latter 
investigation i t was observed tha t glucose-1-
phosphate solutions bccame contaminatcd 
with appreciable amounts o( glucosc dipho-
spbate when storecl fm""'some time in the cold. 
From such solutions it was possible to isolate 
severa! mi croorgani >ms. Of these, Esc/¡cric/,ia 
coli was found LO be rcsponsible for th c for-
mation o[ glucosc diphosphatc. Severa] strains 
o[ this organism were examined, as well as 
Aerobr¡cfcr aerop;enes and Kle/Jsi ella pnrumn-
niae. The synthcsis of gluco·e diphosphate oc-
currecl in thc prese nce o( any o[ these, whe-
reas o[ glucose synthesis was obtained in pre-
liminary test. with Racillus cereus, Baci/lus 
allwligenes, SaTrina ronjunclivae, SeTralia 
rnarcescens ancl Staphy/ococcus nuTeus. 
This paper represents th e rcs ults o[ a stucly 
o[ the [ormat.ion o( glucose cliphosphate ancl 
the (ermentation of phosphoric esters by li-
ving E. coli. Extra cts ofF. coli, wich catalyzecl 
the sy nthcsis o[ glucose di phospha te, werc 
prcpared ancl p u ri rica tion or the active system 
was attempted. The mechanism o[ the reac 
tion ancl the action of factors wh ich in[] uen-
cecl its rate wcre also studiecl. 
1 Thc structurc of thi s substance lms been confir -
mcd by synthcsis from silvcr phosphate ami 1--bro-
mo·2,3,4 -Lri·acetyl -6-diphenyl phospho noglu cose by Re-
pello 1'1 al. (1). 
J\fETHODS 
Cultures 
For small s¡·ale cxperitncnts. " · coli was ettltil·ated 
on agar slants . . \fte r 24 hr. incubation. th e bacte rin l 
growth was washcd off. centrifugecl ancl res uspendecl 
in water to a d cnsity co rre~ponding to an e-:<tinction 
coefficient of E. = 0.8 for 1 cm. at +iO lllJL. For largcr 
scalc experiments. the bacteria were harvcsted from 
p eptone broth cultures after 20 hr. of in cubation at 
300C with aeration. The bacteria! mass was separa-
e<! by means o[ a continuous centrifuge •and then 
storecl in the frozen state until used. Extracts obtained 
after some days of storage were often more a c. ti1·e than 
Lhosc obtaincd from fresh bacteria. 
S U BSTRA TES 
Glucosc- 1-phosphatc ll"as prcparcd as dcscr ibed bv 
Sumner and Som ers (3) , glucose-G-phosphate accord· 
ing to Colowi ck ancl Sutherland (4), •and [ructose di-
phosphate after Neuberg ancl Lustig (5) . Th e pre:pa-
ration of glucosc diphosphate has been preYiousl y 
dcscribed (2). 
Analytica/ Methods 
Glt tcosc diphosphat c was cstimated b y d etermina· 
tion of its cocnzynmtic activitv with a ycast pho· 
sphoglttcomtttase (2). lnorgani c phosphate was de-
termined by th c proceclure of Fiske ancl SubbaRow 
(6). The inorganic phosphate liberated during 7 m in. 
of hydrol ysis at J009C b y 1 N ~1cid is re[errcd to as 
acicl-labile phosplmtc, and that portian of th e organic 
phosphate not: hyclrolyzecl uncler similar cond itions 
is referred to as acid-stable phosphatc. Glucosc was 
detcrmined by the Somogyi (7) procedure using th e 
Nelson reagent (8) . Fructose was dctcrmin cd ac-
cording to the directions of Roe (9). 
RESULTS 
Th e Fonnntinn of Glucose Dipl10spl/(/le 
by Living E. coli 
'"'hen the bacteria were smpencled in a 
glucose-1-phosphate solution, an accumulation 
o[ glucose diphosphate occurrecl which rea-
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chcd a maximum and then clecreased. The 
time a t which the maximum was obtained 
was variab le and was found to clepend on the 
amou nt of bacteria aclded ancl on the initial 
concentra tion of the substrate. A graphic re-
presentation of a typical experiment appears 









a 12 16 20 24 
HOURS 
FJG. J. - C lu cosc diphospbate (ormation b y living E. 
Coli. Incubation at 379C of 20 p. r of glucose- 1-phos .. 
phatc. l mi. of l\f/15 phosphate buffer of pH 6.5 
ancl 0.25 mi. of a suspension of E. coli . Total YO· 
lume, 3.25 mi. Results in p.M. 
Thc formation of the diphospha te under 
acrobic a ncl anaerobic conditions was aproxi-
mately the same. The maximum amount o( 
di phosphate form ecl corresponded to ""the con-
version of about 4% of the initial amount 
o[ monoph.ospha te adcled. 
T h e Iormation o[ glucose cliphosphate was 
measurecl with substratcs other than glucosc-
1-phospate. N o formation was detected [ro m 
glucos·e (with or without aclded inorga nic 
phosphate), glucose-6-phosphate, fructose cli-
phosphate, saccharosc, lactose, or maltose. 
The culture liquid remaining after centrifu-
ging o[( the bacteria dicl not ca talyze the for-
mation of glucose cliphosph a te Erom the mo-
nophosphate. 
Tite Fennentntion of Phosphoric Esters 
l\Janometric expcriments showed that glu-
cose-1-phosphatc, glucose + inorganic pho-
sph ate, and glucose were rapidly fermented 
by E. co li (Tabl e I ) and also b y Ae1'obacter 
nerogenes and Klebsiella pneum.oniae. 
UsuaHy, glucose-1-phosphate was utilized at 
a ra te slightly faster than the others. The rate 
of Iermentation of glu cose-6-phosphate was lo-
wer, while tha t of fructose diphosphate and 
glucose diphosphate was nearly undetec table. 
TABLE I 
Arid Fonnation by Living E. coli 
C:O, evol ulion measured in ' Varb urg nm nomclers 
containing: 0.025 M Na HC03, 4p.M of substrate a nd 
O .J. mi. o( a suspcnsion of E. coli. Total vol u me: 
2 mi. Tempcrature: 370C. R csults in ¡.d . Gas: Nitro · 
gen with 5 o/o CO,. 
Substratc 25 min. 50 min. 
;"\Jonc o o 
Clucosc 30 60 
Clucosc + phosphate 33 G7 
Glucose-l -phosphale 37 75 
GJ UCOSC·U·phosp ha le 17 35 
Fructosc diphosphatc 7 8 
C lu cose diphosplmtc 8 JO 
These organisms differ from yeast, where 
g: ucose-1-phosphate is not fermentecl by in-
tact cell s. Evidently, the re · is a differcnce in 
permeability, since in E. coli glucose-1-pho-
sphate is not hydrolyzed before entering the 
cells, for, i f su ch were the case, glucose plus 
inorganic phosphatc should be equivalent to 
glucose-1-phosphate in all respects. However, 
only the latter gives rise to glucose dipho-
sphate. 
Gfucose D iphosphate Formation 
111 Cell-FTee Extmcts 
T o study the mech anism of formation of 
glucose cliphosphate from glucose-1-phospha-
te, it was deemcd necessary to separate the 
enzyme sys tem involvecl in this reaction. Cru-
el-e extracts prcpared from E. coli, acting on 
glucose- 1-phosphate, were found to produce 
gl u cose di phosphate, togethcr with considera-
ble amo unts of inorganic phosphate and redu-
cing substanccs. 
IE the reaction is formula ted as: 
2 giucose-1-phosphatc _.,.. glucose-1,6· 
diphosphate + glucose, 
the mola r ratio: glucose cliphosphate jglucose 
shou Id be l. ActuaHy, with the crucle extracts, 
this ratio was found to be O.OI. The amount 
of inorganic phosphate liberated was roughly 
the same as th a t o[ recl ucing substa nces cal-
culatcd as glucose, evidence which suggestecl 
that the main contaminating enzyme was a 
phospha tase. The i ncrease in val u e o( this 
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Flr.. 2. Chcmica l changcs prorluced by the cnzyme 
0.25 mi. sa mpl cs co ntaining 1.7 p. llf g lu cose- 1-pho-
splmtc, 2. p.M cys tcin e ancl 0.03 ml. of purified cnzy-
mc. Tcmpcralurc, 379C. l)cducing powcr r e[erred to 
a glu cosc sta nd ard . 
ratio was, therdore, u tilized as an index of 
the degree of purifica tion o E the diphosphate-
Iorming enzym c. As ca n be observed in Fig. 
2, thc va lue of this ratio, with the same en-
zyme preparat ion, was founcl to depend on 
the length o( incubation, and was approxi-
mately constant only during the first few mi-
nutes o[ the rea ct i6n. 
Prepam ti on of C ell-F1·ee Ex lracls 
Sc1cral proccdt•rcs wcrc aLLemptecl: Cytolysis with 
tolucnc, grind ing with glass powder (10), and ex-
Lmcion of acc ton c-driccl ce ll s. Thc )a lter proced ure 
wa~ adoptcd , sincc it wa s found to yield more repro-
ducible rcs ults. Thc dried bacteria. obtained as de-
scri hcd hy Barden (11 ) for lh e preparation of zymin, 
ll'c rc cxtractcd with 12 volurnes o f distilled water 
at 50C. Afle1· 30 rnin. , th e suspension was centrifu-
gcd ·aL 6000 r. p.rn . Th c supernatant fluid was ad-
juslcd lo pH 7, and sol id (NH ,) ,SO, added to 0.5 
sa tura tion. Thc precipitare was removed by centri -
fug;ng and more sol id (N H ,) ,SO, was added to thc 
supcrnatant to bring thc Jatter to 0.8 satumtion wih 
respcct 10 Lhis sa lt. The r csulting precipitare was se-
paratcd and disso lvcd in wa ter so thaL the volume 
11·as rcd uced to about 1/ 5 that of the original cxtract. 
This mlution was thcn dialyzed 2-3 hr. in the cold. 
Thc dialyzed flu id containccl 1about 50 % of the total 
arLivily o( th e origi nal cxtra ct. Su ch preparations 
could be storcd [rozcn for several weeks without 
deteriora Li on. 
Th c ratio: g lu cosc diphosph ate jglucose formecl was 
C.Ol with thc crnd c extrac t and 0.1 5 to 0.20 with Lhc 
fin·al dialyzcd solntion after activa tion by cysteine 
(scc bclow). R epcatcd (ractionation by (NH,) ,SO, 
precip ilation rcsu ltccl in cxttracts wilh a glucose 
diphospilate jglu cose r a tio o( 0.35 to 0.50. Grcat losses 
of artivity wcrc cncountercd during this proccss of 
purifiration. 
AcnvATORS ANo l N HtBITORS 
Tl1e A ction of Cysteine n.nd Magnesium 
Dial ysis of the extracts aga inst cold water 
resulted in a gradual reduction of their acti-
vity so tha t, a t the encl of 6 or more hours 
of dialysis, the activity might have disappe-
ared comp letely. The adclition of magnesium 
ion was tested because it activates many of 
the enry mes which act on phosphoric esters. 
As shown in Table Il, no increase in activity 
TABLE Il 
Th e Action of Cysteine and i\Iagncsiwn Ton s on the 
Forma/ion of Clucose D i¡;/wsphale 
Jn cub<~L ion of: 2 ¡.tM glncose- 1-phosphate wilh 0.03 
ml. purifiecl enzyme JO min . at 37<?C. Total volu-
m c, 0.25 mi. 
Undi a lyzed CI17} 111 C 
Di a lyzec! 4 hr. 
Dia lyzed + 1 p.ilf Mg +. + 
Dial yzed + 1 p.M cys tei ne 
Dila lyzed + 1 p.M i\fg +..+ + 
I p.M cysteine 
















co uld be cl etec ted. However, when cysteine 
was adcled to thc clialyzed extracts, the acti-
vity was i ncreased 5- to 1 0-folcl. On the other 
"'anrl , the aclcli tion o[ cysteine ha el no e Hect 
on thc liberation of reducing- substances or 
inorganic phosphate. The optimum activating 
effect of cys teine was observed at a concen-
tration of about 8 x 1 Q-3 M. 
The addition of boiled extracts of E. coli 
had no effect on the act ivi ty of the cli alyzed 
enzyme. 
Th e Action of Adenosine Phosphate 
Glucosc cliphosphate has bcen found to be 
íormecl in muscle by transphosphorylation 
between glucose-1-phosphate and adenosine-
triphosphate (12). The effect of the latter 
was i nvestiga ted in the reaction as ca talyzed 
by the extracts of Escherichia coli. 
The effect of · aclenosinetri phosphate was 
tested at concentra tions ranging from 10-5 to 
10-2 M , and in no case could activation be 
detectecl. Concentrations higher than 10-'3 
proclu cecl an inhibition of the formation of 
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glucose diphosphate. Moreover, the maximum 
amount of adenine compounds present in the 
en ZJyme was calculated from the extinction 
at 260 m¡.t and the results showed that the 
amount of glucose diphosphate formed was 
at least 10 times larger than the maximum 
amount of adenine compounds present. No 
acid-labile phosphate could be detected. 
It does not seem likely that any reaction 
which leads to phosphorylation of the adeno-
sine compound takes place uncler these ex-
perimental conditions. In some experiments, 
the reaction was allowed to take place in vVar 
burg manometers at pH 7 in bicarbonate ancl 
a nitrogen-C02 gas phase. I o acicl formation 
was detectable and, therefore, reactions which 
woulcl give rise to phosphorylation , such as 
the oxidation of glyceraldehyde or the for-
mation of phosphopyruvic acid, coulcl be ex-
clucled. These results appear to indicate that 
glucose diphosphate is not formecl by tran-
sphosphorylation between ATP ancl glucose-1 -
phosphate. 
Fluoride 
Fluoride, ata concentration of 5.8 X r()-4 M, 
inhibitecl the phosphatase action to the ex-
tent o[ 75 % ancl retardecl the rate of glucose 
diphosphate formation to about the same 
degree. 
Pltloridzin 
Phloridzin at a concentration of 3 X 10-4 M 
produced no appreciable change on the cour-
se of the react_ions. 
pH Optimum 
Thc rate of formation of glucose clipho-
sphate was founcl to be aHected only slightly 
by fairly large changes in pH (Table III) . 
The greatest act1v1ty was between pH 5 ancl 
pH 6 with acetate, maleate, or phosphate 
buffers. 
Chemical Changes Pmduced by th e 
Enzyrne Prepamtion 
The course of the reaction involving the 
conversion of glucose-1-phosphate to glucose 
diphosphate by the purified enzyme was si-
milar to that by intact cells. There was first 
an increase in glucose cliphosphate followecl 
by its gradual disappearance. It has not been 
possible to separate the formation from the 
destruction of the diphosphate by purifica-
tion of the enzyme. Fig. 2 ilustrates the chan-
ges which occurrecl during the reaction. There 
was a gradual increase in inorganic phospha-
tc and in thc reducing power of the reaction 
mixture, coincident wi th a decrease in the 
acicl-labile phosphate. At Jeast 80 % of the 
reducing substances were not precipitated by 
the ZnSO.-Ba (OH), reagent (13), which Hre-
cipitates the hexose phosphates. 
TARLE III 
pH OfJtimwn 
Jncubation of 2 p.M of g·1uoosc-1-phosphatc, 2 p.M of cystcinc , 0.1 mi. of 0.1 M of acctatc 
buffer and O.O:l mi. of purificd enz)me. Total vo1umc. 0.35 ml. , 15 min. at 37\>C. R esults 
in p.M. 
pH 
Glucose dipbosphate formed 
3.8 
0.08 
These changes can be explainecl by the oc-











(a) 2 glucosc-1-phosph~te ~ glucosc diphosphatc + glucose, 
(b) g lucose-l-phosphate ~ glucosc + inorgani c phosphatc, 
(e) g1ucose-1-phosphatc ~ glucose-6-phosphate. 
Reaction (a) would be a transphosphoryla-
tion somewhat similar to the phosphogluco-
(d) glucosc-1 -phospbatc + glucose-1 ,6-diphospi1lHe 
mutase reaction, which has been [ormula-
ted (2) as follows: 
g1 ucosc-l ,G-diphosphatc + g·Lu cosc-6-phosph a te. 
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Reaction (b) might occur clirectly or with 
(a) or (e) as intermediares. As to reaction 
(e), it is rclativeJy slow as compared with 
the phosphatase (b) ancl, since largc amounts 
of glucose diphosphate are formed, it was 
not possible to test whether it takes place by 
mcchanism (el). Another possible mechanism 
{or the [ormation of glucose-6-phosphatc would 
be the removal of the phosphate a t posi tion 
one of glucose cliphosphate by phosphatase. 
The Effect o¡ Glucose 
Addition of glucose produced striking 
changes in the course of the reactions (Ta-
ble IV) . \Vhereas the formation of glucose 
diphosphate was not apprcciably affected, 
there occurred a great increase in the acid-
stablc phosphatc and a decrease in the libe-
ration of inorganic phosphate. The amount 
of fructose was also increased. 
also rrom the a- and 0-galactose-l-phosphates, 
0.- and f\-glycerophosphates, and phenylpho-
sphate. Of these, phenylphosphate was the 
most rapidly hydroiyzed. 
Glucose was found to inhibit also the li-
beration of inorganic phosphate from a-ga-
Jaclüsc-1-phosphatc. 
DlSCUSSION 
The reacly [ermentability of glucose mono-
phosphate by live Escherichia coli ancl rela-
tecl organisms reveals a diflerence with in-
tact yeast cells, which do not measurabJy uti-
lize phosphoric esters. Presumably, the cell 
membrane of E. co/i is permeable to mono-
phosphoric esters and, to a lesser extent, also 
to diphosphoric esters. Thus, cluring thc [er-
mentation Qf glucose-1-phosphate, thc dipho-
sphatc is formecl, passes to the medium, and 
is utilized at the end o[ the [ermentation_ 
TARLE IV 
Th e Aclion of Glucose 
10 p.M glucosc-1-phosphate + 0.3 ml. enzyme solution + JOp.M cysteine. Total volume, 2 ml. , 
lO min . at 37'1C. Results in p.M. V.ducs [or fructosc wcre corrected by subtracting thc valucs 





30 11-M glucose 0.67 
60 p.M glucose 0.71 
SorbitoJ or cthanol clicl not produce an ef-
fect similar to glucose, whereas fructose was 
about half as effective at the same concen-
tration. 
The stablc ester, which was formed in lar-
ger amounts in the presencc of glucose, was 
presumably glucose-6-phosphate which was in 
equilibrium with fructose-6-phosphate. This 
explains the concomitant increase in the 
"fructose" con ten t o[ thc reaction mixture. 
Thc action of glucose was similar to that 
described with liver enzymes (14), where it 
has been interpretecl to be due the inhibition 
o[ a spcciEic phosphatase acting on gl ucose-
6.phosphate. 
The partially puriEiccl enzyme of E. coli 
was founcl to liberate inorganic phosphate, 




inorganic Aéid·stablc Fruc10sc 
formcd 
7.t) 1.4 0.15 
6.2 3.2 0.80 
4.9 4.0 1.40 
Gl u cose cliphosphate has been found to b f." 
an intermediate in the utilization of glucosc-
1-phosphate, ancl this raises severa! problems,. 
such as the mechanism of its formation aml 
clestruction and its role in the normal metabo-
lism of E. coli 
The formation of glucose diphosphate ap-
pcarecl to takc place by a mechanism diffe-
rent from that in animal tissues or yeast,. 
where it has been demonstratecl that glucose-
1-phosphate is transphosphorylatecl by acle-
nosinetriphosphate (12). Definite proof o[ tbe· 
mcchanism of synthesis oE glucose diphos-
phate by E. coli must be deferrecl until the· 
specific enzyme system involvecl can be 
separatecl from interferings systems. Howcver, 
evidence at hancl can best be intcrpretecl by 
assuming that the convcrsion of glucose-1-
phosphate to glucose diphosphate involves <t 
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transfer of phospha te from posi tion-1 of glu-
wse-1-pb osphate LO position -6 of another mo-
lenll e of tb e same su bstance. 
The utilization or glucose diphosphate will 
1cquire further investigation. The partially 
puril'ied preparation which catalyzecl its syn-
th csis a ppearecl to brea k it clown mainly by 
th e action o[ a contaminating phosphatase. So-
m e cxperiments clesigned to cletect in crude 
c.xtrac ts an e nzymc similar to a ldolase, but 
wh ich \VOtdcl act on glu cose el isphophate, 
" ·ere no t successful. 
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59 
Prev ious papers (1 ,2) reponed the ex iste n-
ce of a coenzyme for phosphoglucomutase and 
ils proba b!e id en ti ty with gl ucose-1 ,6-diphos-
phatc. The isolation ancl propertics of the 
substan ce ancl its role in animal tissues are 
now describecl. 
The rate of the reaction: glucose-1-phos-
phate ~ ¡5lucose·6-phosphate 1s, under cer-
tain conditions, proportional to the conccn-
tration of coenzyme which can thus be ca-
si ly est imatecl (Fig. 1). 
0.2 0.4 Q6 
HOL[5 1 10-9 OF CO{'tfZYME 
Ftc_ l. Relationsbip betwccn the amount of coenzyme and tbc 'activity of yeast phosphoglucomutasc. 
TABLE 1 
JV·sults nf 1 li c Pttritzation of 'the Coenzyme 
Stcp 
l. 1-'iltcrcd yeast extract 
2. Al'ter J>b ancl H,S 
3. Alkali , Mg++, l'b, H ,S 
4-a. 17irst Ba sa lt 
4b. Fractiotntecl Ba salt 
ií a. Acc tonc precipitation 
5b. 'Fin al Ba salt (F, +- 17,) 
a Eslimations by enzy111'it lic m ethocl 






5 .06 g. 
l.8ií g. 
150 mg. 
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Dttring a search for th e bes t start ing m aterial , a ntl 
following thc obsen ·a Lion o[ Kend a l a no Stickland (3) 
that thc phosphoglucom utase of rabbit muscle is •acti -
v;r tcd hy fru ctosc diphosphate, this substance w as 
Lested. The sa mple used was fo und Lo contain consi-
derable a mo unts o[ coenzyme. ll was ncxt observed 
LiJar. during the incuba ti oÍ1 of yeas t with sugar, pho-
sphate and e ther, as d escr ibed by ::\'e uberg a ncl Lustig 
(4) for the prcparation of fru ctose diphosphate, th e 
coer17yme contcnt increased enonnous ly. 
The separation o[ thesc two substan ces proved lo 
be vcry diffi cu ll. l 'or inslance, a prepa ratio n which 
had bccn puri(icd by harium , lca cl a nd a lcoho l fra c-
tionation, ga\'c the sa mc rc lation o( coenzyme ro fru c-
Lose as thc sta rtin g m a teri a l. The on ly proccdure 
b' which lh c fructose cstcr cou ld be removed w;1s the 
d ~struction hy heat ing al alkaline reac tion . .Large 
<l mou nts of inorga nic phosphate are then libera tcd, 
si nce the •amount of coe r11yme is onl y abo u t 0.5 'i'c 
or th c o th e r phosplrori c es te rs . The remo\'1<11 o[ th e 
inorga ni c phosphate with magnesia mixture often 
resulted in great losscs br co precipitat ion . T hi s di f-
fi culr y was finall y overcome, a mi , a fter purification 
of thc prod uct by lead. barium. aiHI •ace rone fract io-
nation. a substa uce of abou t 70 °~ p urity was oh-
tained . 
. \bo ut h a lf th e phosphate prescnt in these p rcpa-
rations is h vdrol vzed bv milcl acicl with loss of the 
coe ll7ymati c 'aclil'ity. Ti1e h ydrol ysis constant for the 
first phosphate at 379C. in 0.2:; N ar id found LO b e 
3. 1 X 10-4 (Tab lc TI ). Th e h ydro lys is of g luco.se- 1-
phosphate is abo ut fottr ti mes faste r und er th e samc 
condi tions (A' := 1.29 X 10·3) (5). 
Thc fact that th e \'alu e of ¡,· re mained const~i1l up 
Lo 6!í rk hyd ro lys is shows that the prepa ration was 
n nt a ppreciabl y contaminat ed 11·i th o ther l~bil e esters. 
The connect ion between coenzymatic acti-
vity a ncl acicl ·la bil e phosphate was revealed 
during the last stages of the purifi cat ion 
whcrc both va lues were a lways p arallel. This 
parallelism was also evident cluring the acid 
hyclrol1ys i · (Table JI) . 
H ca ting in 0.1 N acid at l009C. leads to 
complete Jiberation o[ the lab ile phosphate 
in 9-10 min. Fig. 2 shows the co Lrrse o[ the 
h yclrolysis comparecl w ith that of glucose-1-
phosph a te. 
After it fas provecl that the labilc phosphate 
i;; re lated to the activity it beca me n ecessary 
to investiga te the n a ture o[ the rest of the 
molecul e. 
The intact coenzy me g ivcs a bari um salt 
~hi ch is inso lubl e in water, but aftcr h ydro-
lys is most of the part bea ring the seconcl 
phospbate becomes water so lubl e. This indi-
cares that th e labilc a ncl stab!e phosphate 
belong to the sa me molccule. 
--.... GLUC05[ 1 PIIOSPIIATf 
-o-o- CQ[NlYH[ 
fH :. 2. - H ydrol)sis of th e labile phosphau; 
of thc coen1 yme a llCI o[ glu cose l -phosphate rn 










H ydrolysis of the Coe111yme in 0.25 ::-1 H Cl 'ill 379C. 
100 - x, 
A. ::::· ---- log'" -----
1,- t, 100 -x, 
Libcra lion of P inorg. 1 














Mean : 3.06 
Dccrcasc in cocll zy-
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The estimation of alclose by titration with 
hypoiodite revealed that after mild acicl hy-
drolysis one equivalent appeared per molecule 
of phosphate split off. None was reactive in 
the intact molecule. 
These lacts inclicated that the second phos-
phate belonged to an aldose phosphate, and 
the enzymatic de tec tion of glucose-6-phosphate 
'~as attcmptecl. The procedure was based on 
the fact that muscle extracts contain enzymcs 
which cata lyze the equilibrum glucose-1- phos-
phate ~ glucose-6-pho, phate ~ fructose-6-
phosphatc. Using aged and fairl y clilute ex-
tracts, i_t is unlikely that other rcactions will 
ir!tcrfere. Moreover, since fructuose can be 
eas il y estimatecl, this a[[ords a method for 
detecting any one of the 3 esters. The coen-
The corrcct identification o( glucosc-6-phosphate 
wirh relatively small amounts of mater ial is a pro-
blem which has not been worked out satisfactorily. 
Two experimcnls were carried out in which pola-
rimeter reaclings were taken before ancl after hyclro-
l)sis. The values obllaincd before hydrolysis gave 
[a] 0 = + 639 lo + 709 in acid solution ancl cal-
culatccl for an hexose diphosphoric acid. After hy-
clrolysis, [a]o = + 309 to + 329 for an hcxose 
monophosphoric acid . For glucose-6-phosphoric ac id, 
the corresponcling va lue is + 34.29 lo + 35.1 \> (0,7). 
The so lurion was tbcn scparatcd inlo water-soluble 
and insolubl e barium salls. The soluble fraction gave 
[ o:1 0 = + 129 lo + 1:)9, calculatcd for the barium 
salt of an hexosc monophosphatc. The value given 
by Robison ancl King (6) for g lu cose-6-phosphate 
is + 16.69.-
Fonnatio11 o¡ Fmrlosc PI!OsfJ/tate from. /he Hydrolyzed Cuenzyme 
(details in text) 
lncuba tion for 20 rnin. al 370C. of 0.1 mi. of enzyme solution plus additions. 
Total vol u me 0.5 m l. 
Additions 
6.2 ¡tM of coenzyme 
6.2 ¡tM of coenzyme hidrol yzcd 
2 ¡tM glucose-1-phosphate 
5 ¡tM glucose-1-phosphate 
Enzymc a Ion e 
zyme be[ore ancl after hyclrolysis was incu-
bated with the extract, and fructosc was then 
estimated . As shown in Table III, the ex-
pcctccl amo un t of fructose was formed from 
the hydrolysed coenzyme, and none from the 
nonhydro lyzed. 






Sin ce these res u! ts were not considered 
conclusive, additional information was sought 
in the acicl and alkaline hydrolysis ancl by 
prcpanng the osazone. The results were as 
follows: 







Hydrolysis, 1 N a cid •a t 1 oooc., 1 hr. 
Hydro1ysis, l N acid at 1000C_, 2 hr. 
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The osazone was unclistinguishable micros-
copically from that of glucose-6-phosphate, ancl 
its melting point was 150-1539C. The value 
given by Robison ancl King B being 1549C. 
U it is aclmitted that glucose-6-phosphate is 
íormecl by hyclrolysis of the coenzyme, then in 
the intact substance the position of the la-
hile phosphate can be fixecl in 1 because of its 
facile hyclrolysis with acid and becaus·e it masks 
the reclucing group. The coenzyme woulcl be, 
therefore, glucose-1,6-cliphophate, and its high 
clextrorotation, which decreases on hyclrolysis, 
in el ica tes the a.-anomer. 
The presence of an alclose component in 
fructose cliphophate preparations has been 
discussecl by Ieuberg, Lustig and Rothen-
berg 26 . Due to the small proportion of the 
glucose ester, it mwy have escaped cletection 
by chemical methocls or it may have been 
removed in the highly purifiecl preparations 
usecl by Neuberg et al. 
The synthesis of glucose diphosphate was 
attempted by treating 1,6-clibromotriacetyl-
glucose with Ag3P04 , using the proceclure of 
Cori, Colowick ancl Cori 5, which provecl suc-
cessful for the synthesis of glucose-1-pho~hate. 
While an active preparation was obtainecl, 
thus adcling more eviclence to the proposed 
structure, the yielcl was so low, ancl purifica-
tion so difficult, that the methocl was aban-
cloned. The synthesis starting with glucose-1-
phosphate ancl phosphorus oxychloricle was 
unsuccessful. 
All the facts which have been mentionecl 
agree with the proposed structure of the 
coenzyme, but, since analytically pure pre-
parations have not been obtained, other me-
thocls of synthesis are being investigated. 
The structure of the coenzyme is important 
from the point of view of the mechanism of 
action of the enzyme. Meyerhof et al. 1 1 had 
foucl that cluring the reaction there was no 
interchange between the hexose phosphates 
ancl raclioacti ve inorganic pho3pha te. Schla- . 
mawitz and Greenberg '1a foucl that labeled 
glucose die! not interchange with the phos-
phorylated glucose, ancl postulated that a 
.] ,6-glucose monophosphte was formecl as an 
intermediarv in the reaction. 
A simple explanation for the mechanism, 
is that the enzyme would catalyse the trans-
fer of the phosphate-1 o[ the coenzyme po-
sitian 6 of glucosc-1-phosphatc. The reaction 
proclucts woulcl thus be glucose·6-phosphate 
and g1ucose-1,9-diphosphate. In the reaction 
the coenzyme would be regenerated at the 
expense of the substratc. 
Anothcr intriguing point has been settled. 
Gori, Colowick and Cori 113 had Iound that 
rabhit muscle phosphoglucomutase co ul be 
electrodialvzed 'vithout losing activity. They 
could not reproduce the activation which 
Kendal and Sticklrmcl 3 had observecl on acl-
ding fructose clipl:".osphate preparations. Mo-
r.eover, phosphoglucomutase has becn purified 
by Schlarnowitz and GreenbergJ.4, and crys-
tallizecl by N ajjar m, and the necessity of a 
coenzyme was not noticed. 
Since the coenzyme was found to actívate 
yeast phosphoglucomutase but hardly at all 
that rabbit muscle, it seemed posible that 
the mechanism of action of the two enzyme3 
might be clifferen t. However, it has been founcl 
that, if the musclc enzyme is teste el in the 
presence of cysteine, as clescribed by Najjar 15, 
then the addition of coenzyme produces a 
grcat increase in activity (Fig. 4-, left) . 
H the muscle phosphoglucomutase is trea-
ted with acicl in (NH4) 2504 solution as cles-
cribed by vVarburg ancl Christian 1.6 , for the 
rtversible splitting of flavoproteins, then the 
activity without coenzyme becomes negligi-
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Flc.. 3. - Thc activation of phosphog·lucomutasc 
from different organs by different arnounls 
of coenzyme. i\Imsurcm ent by the coppcr 
r eduction methocl. No cysteine uscd. 
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In cxtracts of heart and kidney the effect 
o[ the coenzyme can he observed even without 
the addition of cysteine (Fig. 3). 
The coenzyme has been found in every 
animal tissue thus far investigated (Table IV) , 
ancl it can be concluded tha t it is present whe-
rever phosphoglucomutase is present. 
EXPERIMENTAL 
lémymatic Estimation of the Coenzyme 
Dried brcwer's yeast was suspended in 3 vol_- of 
water, incubated 2 hr. at 379C., and then centnfug-
ecl. The supern1ata nt was then dilutecl with 4 vol. of 
water. The activity was founcl to be unchangecl on 
st.oragc in the frozen slate for seveml monlhs. Th1s 
crude cxtract was found to be activated by Lhe coen-
zyme as mucl1 as dialyzed or (NH ,) ,SO.,<purifiecl 
prcparations. 
Thc measuremcnts were carr ied out in 12 X 100 
mm. test tubes gra-duated to 7.5 mi. The reaction 
mixture conta in ed 2 p.M of sodium or potassium glu-
cose- 1-phosphate 1 p.M. MgSO,, 0.02 ml. of enzyme 
~olution and coenzyme solution. Total volume 0.3 mi. 
The reaction was started by adding Lhc enzyme and, 
after JO min. at 379C., it was interrupted by addition 
of 1.5 mi. o( Somogyi's sugar reagent (17) . 
The tubcs were h eated 'Ü min. in a boiling water 
bath ancl th en cooled. After 1addition of 1.5 mi. of 
Nels¿n's arsenomolybdic reagent (18) ancl water to 
complete the volume thc color was measurecl with a 
Klelt photocolorimeter fitted with filter 52. The va-
lues obtaincd with inr.reasing amounts of coenzyme 
are shown in Fig. l. 
Since no buffer was used, all the samples were 
atl justcd Lo pH 7.4-7.5. Unknown solutions were 
comparecl with a standard coenzyme, blanks without 
glucose phosphate were run at the same Lime. The-
se blanks are necessary because crucle solutions may 
reduce initially or may develop reducing power dur-
ing incubation. For instance, samples containing sac-
charose give a high bl>ank, due to the invertase pre-
sent in the yeast extract. If blanks are high, it is 
convenient lo purify partially by precipitation with 
lcad acetate. 
The most (requent cause of error is the presence 
of salts which inhibit the enzyme, as WllS observecl 
by Cori, Colowir.k and Cori (13). Sometimes a pre-
cipiuation with lead acetate is useful in this case also. 
Substances with SH groups hardly af(ect the ac-
tivity with Lhe yeast preparations and, moreover, 
they can be clestroyed by heating in alkaline solu-
tion. 
Usually, 2 or 3 different a~uounts of Lhe unknown, 
were compared with a curve obtained in the same 
series using 2 or 3 sample.s of the standard solution. 
The error amounted to about 10 o/o. 
The lsolation of the Coenzyme 
l . PrejJaration of the Yeast Extmct. The tcchni-
que of Neuberg and Lnstig for preparing fructos~ 
cliphosphate (1) was usecl with fresh baker's ycast, 
mccharose, ancl ether. The coenzyme content increas-
ed during in cubation at 309C:. up to 21 hr., and slow-
ly derreasecl thereafter: 
Hours o 2 5 
Coenzyme content (,_,)lf j l.) 11 185 415 445 
The su bst i tu tion of sac.chawse for glucosc or sta rch 
clid not improve the yield. 
After incubation , the proteins were coagulated by 
heating, ancl thc mixture filtcred Lhrough fluted pa-
pel·. 
2. p¡·ecipitation with Le-acl Acetate. To thc filtrate 
of step 1,2 ml.-'lo of glacial acetic ac icl were addcd, 
ancl then excess of 25 o/o lead acetate. The suspen-
sion was filtered on lluchner funnels using "Celite 
super cell." The cake was suspended in water ~nd 
clecomposed with H,S. After filtration ancl a~mt1?n , 
the liquid was made alkaline to phenolphthalelll w1th 
Na OH. 
Comnumts. The treatment with H ,S should be car-
ricd out rapidl y. since the cocnzyme is acid -hbilc. 
The omission o( step 2 dicl not give good xesults. 
3. Destntction of Fructose DiphosfJhate. Thc Ji-
quid from step 2 was treatecl with 0.05 vol. of 5 N 
N1aOH, and then h eated m a Jarge boiltng water 
bath. HalE an hour after the thenuometer had rcach-
ecl 909C., the Jiquid was coolecl. Acetic acid was acl-
ded to pH 7, and then an excess of magnesium acc-
tate. The mixture was left overnight in th e icebox. 
The Mg, (PO,), was filtered off and NH,OH addcd 
until phenolphthakin gave a rose color. .\fter filtra -
tion , the absence of inorganic phosphate in the fil-
trate was chec.ked •analyticall y. Excess lead acetatc was 
then <iclclcrl. The suspension, which was slightly alka-
line to litmus. was filtered, ancl the precipitale de-
composed with H ,S, filtered and aeratecl. 
Comme.nts. During th e alkaline treatment the liquid 
becomes dark brown, ancl nearly al! the organic phos-
phate is hydrolyzed. The Seliwanoff H~oact ion for [ruc-
tose (19) becomes negative. The amou nt o[ alkali 
can be increasecl up to 1 N and the heating up to 
3 hr. without appredabJ.e clestruction of coenzyme. 
The elimination of the inorganic phosphate with 
magnesia mixture in the usual manner resulted so-
m etimes in a Joss of about 40 % of the coenzyme by 
coprecipitation. Excess 1H,OH should be avo icled. 
since it interferes in the subsequent Jead precipita-
tion. 
4. Barium Fmctionation. Excess barium acelate 
and 0.2 vol. o[ alcohol were adcled, ancl the liquid 
was filterecl using Celite super cel. The dry precipi-
tare (4a, Table 1) was suspended in lO vol. of water , 
coolecl in ice, and acl justecl to pH 3.5 (bromo-phenol 
blue) with HCI. The prccipitate was discardecl, ancl 
the liquid was treated with 3 vol. of 96 o/o ehtyl al-
cohol. The acid barium salt was separatecl wtih hlar-
clened filter paper, dissolved in water, adjustecl with 
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Ba(OH), to pH 8, ond 0.2 vol. of alcohol was ad-
dcd. Thc precipitare was then centrifugecl ancl driccl 
with ,,1lcohol ancl ethcr (4b, Table l). 
Conuneuls. This fractionation has becn describcd 
by ~lcFarlanc (20) (or the purification of fructose 
diphosphate. In some cases, the proceclure was re-
pcated , and in others the acid barium sa lt was dried 
and treatecl directly as clescribed in 5. Thc latter 
proccdure is to be preferred. 
. \(ter this step it aa n be considered that al! the 
acid-labilc phosphatc corresponcls to the coenzyme 
since al! he fructosc diphosphate has been destroyecl 
ami glucose-1 phospiTa te is separatecl as the barium 
solubl e salt. 
5. PrecifJilalion witlt Acelone. The barium salt wa's 
suspended in water as a thick paste, coolecl, and 5 
N H ,SO, was added until thymol blue gave a rose color. 
After checking for the absence of barium ions, the 
suspcnsion was filtered on a Bucbner funnel tbrough 
Cclite and a small amount of Norit. The filtrare was 
trcated with lO vol. o( acetone and centrifuged. The 
oily precipitJ.ate was dissolved in a small volume of 
water and stored in ice (Fmction l) . To the super· 
natant a clrop of concentradecl :\IH.,OH was aclded 
followed by centrifugation. Tbree or four fract ions 
were co llectecl in this manner ancl analysecl separa-
tely for inorganic, acid, acid-labi le ami total phos-
phate (5a, Tablc 1) . The fractions which showecl 
a relation total phosphate f acid-labil-e near 2 wcre 
mixed, acidified with acetic :acicl and treatecl with 
BaCI ,. The BaSO, was centrifuged off, ancl washcd. 
The combined supernatant ancl washings were acljustecl 
LO pH 8 with fi ltered saturated Ba (OH) ,, 0.2 vol. al-
cohol aclclecl ancl centri[ugecl. The pre<j,p.itate was 
washecl with 20 % alcohol until the supernatant gave 
no reaction [or chloride ·and then dri ed with alcohol-
cth er (5 b) . The yicld and purification in diCferent 
step~ are shown in Table l. One of the barium salts 
obruinecl in this mann er and clriecl in vacuo over Ca-
Cl, had an acicl-labile phosphate content of 3,48 % ancl 
8.5% of total phosphate. for an anhydrous dibarium 
hexosc disphosphate the theoretical total phosphate 
is: 10.1 5 <j0 • The Seliwanoff reaction (19) for fruc-
tose gave "alues which were equal lo those given 
by eq uiva lent amounts o( glucose. In some prepara-
tions , the values were sl ightly high er but could be 
lowcrcd by a second treatment with alkali. 
Arid Hydrolysis 
The hydrolysis was carried out in 0.25 N HCI at 
379 -f- 0.19C., and both the phosphate split of( and the 
coenqmat ic :activity werc cletcrmined. The prepara-
tion which had a P total fP acicl-labi le ratio of 2.4 ancl 
contained only about 3 % fructose [Roe ( 19) pro-
ccdure] was frece! (rom barium by aclcling the exact 
amount of H,SO,, after centrifuging it was cliluted 
with one volum e of 0.5 N HCI. lt was tben imme-r-
sed in a thermostat, ancl the samples llaken at intervals 
were pipettecl into tubes containing sufficient amount 
of 0.3 N NaOH to neutralize the acid. Both inorga-
nic ancl acidlabile phosphate were estimatecl by the 
method of Fiske ami SubbaRow (2 1). The hydroly-
sis , which occurs during the development of color 
i~ negl igi blc, and no correction was a ppliecl for i t. 
.\s a check on the whole procedure an experiment 
wa~ run with glucose-1 -phosphate, the value for K 
was found idcntical to the onc givcn in th e l itcra-
turc (5). 
for analytiml purposes thc hydrolysis in 0.1 N 
H ,SO., at 1009C. was also studicd. The results in Fig. 2 
show that after 9-lO min . tbe phosphatc Jibcratcd 
reaches a co•Ístant value. 
Aldose Estimation 
The methocl o( Macleod ancl Robinson (22) was 
usecl, and a so lution of the sodium salt of the coenzyme . 
Hydrolysis was carriecl out in 1 N HCI at JOQ9C. 
during 7 min. Tn on.e experiment, 0.71 mi. 0.02 N 
T.: was used, ami th e phosphate split off in the same 
amount so lution was 7.0 ¡J.M. Anotbcr experim ent 
gave 0.75 mi iocline for 7.5 ¡J.M phosphate. That is 
the ratio aldose f labile phosphate was 0.9 ~and 1.0 
re;;pertivel y. :'o?o iodine was used by the nonhydroly-
zed coenzyme . .\ check of the methocl with the same 
amounts of glucose gave 96 % o[ the theoretical value. 
Enzymatic Identification of 
Gfutose-6-Phasphate 
.\ n extraer o( rabbit muscle was prepared by min-
cing ancl exlracting with 3 vol. of \\'IJter . It was used 
after kecping severa! days in the ice box ancl the 
amount of enzyme necesary was determinecl in a 
preliminary experiment. One sample of the coenzyme 
was hyd rolysed in 0.1 N acid lO min. at l009C., ll ncl 
then neutralized. Another sample was used intact. The 
tubes werc incubated at 379C., and then fructose was 
estimatcd as described by Roe (19). Results appear 
in Table ll [ and show that the muount of fructosc 
formed from 6.2 ¡J.M of the hyclrolyzed coenzyme CO-
rrcsponds to a bou t 6 5 ¡J. M of hexose phospha te. 
Rotatory Power befare and after Hydrofysis 
A 2 clm. tube ancl wdium light were usccl in all the 
ex perimen ts. 
ExjJeri111.enls l. A solution at pH 8 of the soclium 
salt of a preparation with a ratio total phosphate / 
labile phosphate = 2.02 was prepoared. Concentration 
estimated by P content was 1.85 o/o. a = + 1.729. 
Therefore, [a]o = + 46.49, calculatecl for C,H, 00 0 (Na, 
PO,) ,. 
The solution was made 1 N with HCI. Concentra-
tion = 1.18 g- % a = + 1.509 Therefore, [a]o = 
+ 63.59 calculated [or the free acid: C,H,00 0 (H,PO,) 3 • 
Thc same solution was heated JO min. at l009C. 
and coo led : a = + 0.589, which gives: [a]ll = + 
32.l!9, oalculatecl for: C.,H.,O,PO,I-1,. The values in the 
liteJ·atur-e for g lucose-6-phosphoric acicl are: [a]D= 
...!.. 35.19 (6) ancl + 34.29 (7). 
The liquid was then neutralized, ancl excess barium 
acetate was aclclecl. The precipitare was centrifugecl 
oH ancl the supernatant precipiruted with two vo-
lumes of ethyl alcohol. The precipitare was driecl. 
reclissolved in water ancl claritied by centrifugat'on 
a = + 0.179, concentra tion = 0.586 g-% calcula ted 
from phosphate c.ontent. This gives [a]o = + I:W 
for C,H,O,PO,l3<~. The value is somewhat Jower than 
that of barium glucose-6-phosphate. Robinson ancl 
King (6) give [a),.61 = + 19,69; from this [a]o = + 
1696, ([a] ll = [a),6, f l.18) at 0 .5 o/o concentration ancl 
+ 189 at 8,4%. Other va lucs given in the literature 
are: 17.99 (9), + 17.4 (8), + 16.6 (7) . 
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Exjxri/lle111 7!. .-\ preparation o[ tbe bariurn salt 
wilh a ratio total phosphdte j labile phosphate = 2.29 
was clissolved in O 07 :V HCI Concentnation calculated 
fmm the Jabile phosphate was 1.86 '/'r a = + 2.66<!. 
Thercfore, [a]D = + 71.;')9 for the fr-ee acid. 
The liquid was made 0-2 N witb HCI oncl heatecl 10 
min. at 1009C. Concentration = 1.32 %. and a = 
+ 0.79<:>. This givcs [a]o = + 30.0<! f.or an hexose 
monophosphori c acicl. 
Thc solution was then separated inlo water soluble 
ancl insoluble barium salts, as in Exp. l. J3oth were 
dried and studied. From 242 ¡J.M of Sl'arting material 
183 of inorganic phosph1ate wcre recovered , 150 o( 
barium soluble ester, and 51 o( barium insoluble 
estcr. 
The barium soluble fraction gave [a]D = + ]3Q, 
calculatcd for a barium hexose monophospbate. 
The barium insoluble fra ct ion dissolved in 0.2 N 
HCl g¡ave a = + 0.269, ancl conoentration was 
0.0134 M. 
Properties of the P?'Dduct of Hydrolysis 
The water-soluble barium [raction from the pre-
vious experimenls was heatecl at 1009C. in N 
ll,SO,. The phosphate libcrated was O in 1 hr., and 
4 '/c in 2 hr. In another exp., 1 ancl 5 o/o respeclivcly. 
For g-lurose-6-phosphatc, Robison anrl King (6) . g:ve 
1.8 ami 3.5 %-
,\ lkaline hydrolysis was carriecl out in '0.2 N 
;\laOH. l'hosphate was estimated with higber acid 
concenlration so as lO dcc;;,¡;~¡¡se the inter[crence sili-
cale (23). Blanks run unclcr ident ical conditions were 
subslracted. Robison aml i\facFarlane (10) give a va-
1ue of O~ '!'o under th c ~a me cond itions. 
The osazone was preparcd as dcscribecl by Mc.Cready 
;,nd Hassid (~4) ; a copious precipitare was formed, 
which was compared with lile osozone of a mixture 
of gl ucose-6- phosphate and fructose-6phosphate . By 
microscopic ·examination both samples were unclistin-
guishab1c. 
. \ftcr recrystall'iza-Lion from alcohol-chloroform thc 
mclting- point wa 15ü<!- J530C. Robison aml King (6) 
givc 15-l\lC. 
Syn t ltesis frorn 1 ,6-Di Ú?'Om ot-riacetylglucose 
"l.!í g-. o[ 1,6-dibromotriacetylglucosc (25) were dis-
so lved in 30 mi. o[ anbydrous benzcne, and refluxed 
2 hr. with 7 g. of Ag,l'O,. In other experiments, lon-
ger limes of heating were tried with no better re-
sults. After fi1tration the benzene was removed uncler 
reduced pressure. The solid was then clisso1ved in 
40 mi. methanol plus 1.6 ml. o[ r, N HCI. After 
16 hr. at room tempera ture, the solution w.1s neu-
traliLecl. ami excess barium acetate was adclecl. After 
2 hr., the precipitale was ~e paratecl , washed with 20% 
alcohol ancl clried . Obtainecl: l g. of a substance con-
raining 0.66 of inorganic P, 0.85 of acid-labile ancl 
0.29 of acid-sta ble phosphate (iJ.M j mg.) The subs-
lance was active as coenzyme, l mg. having the same 
anivity as O.ü5 ¡J.M of the pure coenzyme. Yielcl 
calcu laled from thc bromoacetyl compound 0.5 %-
Four clifferent preparations were carried out varying 
sorne details, bul the yie ld was not improvecl. 
Distribution of the Co enzyrne zn Animal 
Tissues 
The organs from frcshly killcd animals were weigh-
ed, minced and suspended in 2 vol. of water. The 
proteins were removed by heating and centrifuging, 
the liquid was heatecl 20-30 min. at pH 9, and then 
adjusted to pH 7.4. The cocnzyme '"'as tben estimated 
on suitable dilutions by the yeast phosphoglucomu-
tase test. Results in Table IV. 
TABLE IV 
CoellZ)'IIIe Contr:nl of Ani111al Tissues 
iJ.M fg. 
Tissuc Rat Rabbit Toad 
Liver 0.012-0.014 0.017 0.06 
Kidney o ü09-0.0028 0 .002!) 
lVTuscle 0.006-0.024 O.OI-CJ.04 0.'017 
Brain .0.00.?-0.011 
Heart 0.0028 0.05-0.09 0.0014 
Action of the Coenzyme on the Phosphoglu-
corn1ltase of Animal Tissues 
i\IIany experiments were ca rried out with the en-
zyme of animal ti ss ues using essentially the samc 
techniquc clesc.ribed [or the cstimation oE the coen-
zyme. The extracts were obtained with 2 vol. o[ wa-
ter ancl then adjnsted to pH 7.5 . The amount used 
was 0.005-0.02 mi. 
A~ shown in Fig. 3, a considerable activation was 
obtainccd with the phosphoglncomutase of heart ancl 
kidney. 
With muscle, the results were variable until u se 
was rnacle of th e test described b y Najjar (15), in 
whirh cysteinc is used as an activator. The test was 
carried out as cl escribed bv him with minor varia-
tions . 
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Ftc. 4-. - Tbe action o( the coenzyme on rabbit mus-
ele phospboglucomntase. Left: crude extract. Right: 
acid-treated extract. Upper curves: 0.1 ml. enzyme 
solution (see text), 2.3 ¡J.M glucose-1-phospbate, 5 ¡J.ill 
cysteine, l uM MgS0.1 ancl 0.001 uM coenzyme, pH 
7.5. Total volume, 0.5 mi. Temperature, 309C. Lower 
curves (empty circlcs) : the same witbout coenzyme. 
Lowest curve on 1eft figure (b lack sq uares) mme as 
upper but without cysteine. 
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thc addition of coenzyme incwases the rate o[ reac-
tion about 300 '!< as compared with cysteine alone. 
Still mm·c cl cmonstmtivc results were obtained when 
the m cth o J of \l'arburg antl Christian (16) was ap-
plicd. Th e prcparations obtained in this manner 
showecl pra ctically no activity in the absence of coen-
zyme (Fig. '~ . right). The proccdure was as follows. 
,\ r abbit muscl e extract was obtainecl by mincing 
ancl extracting with 2 vol. o[ ice cold water. After 
half an hour it was slrained through muslin. For tl1e 
cxpcriment shown in Fig. 4 (left) , this extract was 
diluted 100 times with col el water immediatcly befo re 
use. For th e a cid splitting: to 2 ml. of this extract 
plus 0.7 mi. o[ sa turated (NH,) ,S04 , 3 mi. of 0.1 N 
HCI we re <~. ddccl with stirring with the pipette sub-
merged in thc liquid. These operations, as well as 
tl~e centrifugation , were carriccl out at QQC. The pre-
o prtate was th en di ssolvcd in 2 mi. of water ancl 
n eutralized in thc colcl. After centrifuging off clena-
t urecl protein, th c prepara tion was reacly for use a nd 
could be storcd sev.enal days in the frozen state wi-
thout loss o[ a r.tivity. In the experiment shown in 
Fig. 4 (right), this solution was cliluted with 1 vol. 
o f cold 11·atcr. 
SUMMARY 
Methods for the estimation and isolation 
of thc coenzyme of phosphoglucomutase are 
described. The su bstance contains two phos-
plnte groups. The first phosphate can be 
hydrolyzed by mild acid with the s i mt~.!Hi-
REFERENCES 
l . CAPUTTO, R., LELOIR, L. F ., TRUCCO, R. E., CAR-
ni Nr, C . E . Ai': D PALADr Nr, A. C., Arch. Biochem . 
18, 201 (1948) . 
2. L ELOIR, L. F., TRueco , R. E., CARDtNr, C. E., PA-
LADr Nr, A. C., AND CAPUTTO, R., ibid . 19, 339 
(1948). 
3 . K Ei': OAl , L. P. , AND STICKLA ND, L. H. , Biochem. ]. 
32, 572 (1938). 
4. NEUilFRr. . C , AND L usTre , H. , J. Am. Chem. Soc. 
64, 2722 (1942) . 
5. CORI, c. F., COLOWICK, S. P., AND CORI , G. T. , ]. 
Biol. Chem. 121 , 465 (1937). 
6. R o rH NSON R., ANo Kr NG E. J., Biochem. ]. 25, 
323 ( 1931). 
7. COI OWI CK, S. ]>. , ANO SUTIIERLA NO, E . ·w ., ]. Biol. 
Chem. 144, 423 (19 J2). 
8. LEVE~E, P. A. , AND RAYMO.'>/D, A . L. ibicl. 92 . 757 
(1931) . 
9, LAROY . H . A ., Ai': O 1-'rSC IIER, H. o. L., ibid. 164, 
5 13 (1946) . 
JO . RoB rm~. R. , A~ o ;\fACFARLANE, M. G ., i n BA-
MA~N - 1\f ) RllAC K: \Icthoclcn dcr l;erm enlforschung, 
p . :296. G::org Thi em e, L e ipzig, 1941. 
11 . i\1I:Y ERIIO F, 0 ., Orli .,\IE\' ER, P. , GENTNER, '"'·· ANO 
1\fAIFR- LFtllNITZ, H. Biochem Z. 298, 396 ( 1938). 
neous liberation of an aldose group (hypoio-
dite titration) _ 
The hydrolysis ,constant J:or the first phos-
phate in 0.25 N acid at 379C. w<:s found to 
be 3.1 X 10-4. 
The coenzyme preparations gave a speci[ic 
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Bv C. E. CARDJNI, A. C. PALADINI, R. CAPUTIO ANo L. F. LELOIR 
ínslilu/o de lu vesligacwues Bioquímicas, Fundación CallljJOIIIar 
julidu A/V(11·e: 1719, Buenos Aires, A•·genli11a 
Some animal tissues contain enzymes which 
split off the base from nucleosides. IOein 1 
studied tbeir action on purinc and pyrimi-
dine nucleosicles ancl called them nucleosi-
dases. He observecl that their activity disap-
pears after dialysis ancl reappears in the pre-
sencc o( phosphate or arseniate. 
Tbc mechanism of action one of these en-
zymes was elucidated by Kalckar 2 . In the 
course of studies on the estimation of nu-
cleosides 0 he rediscoverecl the necessity of 
phosphate and was able to prove that ribose-
1-phosphate was formecl in the reaction. The 
latter substance is very acicl-labile, so that the 
¡;hosphate estimations Jlad to be carriecl out 
with the methocl of Lowry and López 4 which 
avoi.ds the use of strong acicl. 
Kalcb.r found that with a rat liver enzyme 
and inosine (hrypoxanthine riboside) or gua-
nosine as substrates, the following reversible 
reactions took place: 
Hypoxanthine riboside + phosphate ~ hypoxan-
thine + ribose-1-phosphate Guanosinc + phospha-
l~ <=::!: guanine + ribose-1-phosphatc. 
Duc to the similarity of the reaction with 
that catalyzed by polysaccharicle phosphory-
lase the enzyme was named nucleosicle phos-
phorylase. The ribose-1-phosphate formecl ap-
pears to be the furanoside since it was founcl 
that synthetic ribopyranose-1-phosphate was 
not usecl in the reaction going from right to 
left, that is in the synthesrs o[ nucleosicles. 
Kalckar was unable to detect any action 
o[ the enzyme on adenosine, xan thosine or 
pyrimicline ribosicles. However, the experi-
mcnts of Schlenk and \1\Talclvogel 5 show that 
ribose phosphate is formed also from acle-
nosine. 
Similar reactions have been found to occur 
with desoxyribose-nucleosides. Manson ancl 
Lampen 6 obtainecl an enzyme from thymus 
which catalyzed the formation o( clesoxyribose-
phosphate from hypoxanthine desoxyribosicle 
and inorgani c phosphate. The ester formed 
was beliefecl. to be desoxyribosc-5 -phosphate. 
They also cletcctecl a similar enzyme in bone 
marrow and kiclney which acts on clesoxypy-
rimicline-nucleosicles, specially thymicline 7 . Si-
milar results ha ve been obtained by vVajt.er 8 • 
The formation of desoxyribose-1-phospha te 
from guanine-desox¡yriboside was detected by 
Friedkin, Kalckar an Hoff-.Jorgensen 9. The 
reaction was found to be rev·ersible ancl thc 
nucleosicle coulcl be synthesiclecl from hypo-
xanthine ancl clesoxyribose-1-phosphatc 2 The 
1atter substance was found to be even more 
acid-labile than ribose-1-phosphate. 
Crude extracts of liver ancl other tissues 
catalyze the formation of ribose-5-phosphate 
írom the 1-isomer. This reaction is similar to 
the trans(ormation of the glucose-1-phosphate 
into the 6-phospha te which req uires glucose 
1,6-cl iphospl:-.ate as coenzyn e 10 . It is therefore 
likely that the coenzyme of phosphoribomu-
tase is ribose-1,5- clisphosphate u. The exis-
tence o[ a similar enzyme for the desoxyri-
bose-phosphate has been postulatecl by Man-
son and Lampen 6 
Schlenk and Walclvogel 5 have observecl that 
when guanosine or aclenosine is incubated 
with 1iver extracts ancl phosphate, the ribose 
clisappears and is replaced hy an acicl stable 
phosphoric es ter. They were able to prove a2 
that about half the ribose-phosphate was trans-
formed into hexosc-6-phosphate. The same 
t1ansformation ocurred starting with ribo e-5-
phosphate but not with free ribose or ribose-
3-phospha te. 
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A similar observation had been made by 
Dische l.3 severa] years before. In human red 
blood cells the ribose of adenosine disappea-
red. He suggested that the pentose was trans· 
formed into triose- phosphate and a two car-
bon compouml. Using a bacteria] enZJyme 
Racker 14 detected the formation of triose-
phosphate from ribose-5-phosphate. '1\Tith mus-
de aldolase he observed a condensation of 
triose-phosphate with glycolic aldeyde to a 
pentose-phosphate. However, the product was 
not ribose-phospha te nor was there any 
evidence o[ its transformation into this subs-
tance. 
Th e synthesis of inosinic acicl has been re· 
portea by Wajzer and Barbn 15-16 by incuba-
tion o[ inosine, ribose-3-phosphate and a Jiver 
e nzyme. The inosinic acicl was estimated by 
i ts acti v::tting action o[ poi ysaccharicle phos-
phorylase. 
Interest in the metabolism of uridine was 
aroused in this laboratory as a conseq uence o( 
the isolation of uricline-diphosphatc-glucose 17 
wh ich acts as a coenzyme in the galactose·l-
phosphate ~ glucose-1-phosphate transforma-
tion. It was found that rat liver contains an 
enzymc wh ich removes uracil from ri~~se, 
which is activatecl by phosphate and which 
Ieads to the formation of ribose-phosphate. 
The enzyme therefore catalyzes the phospho-
rolysis o[ uriclin.e. In a note Paege and Sch-
lenk 18 havc recently reported the presence of 
a similar enzyme in bacteria. 
EXPERIMENTAL 
Prcparation of tit e enzyme. - Rats werc 
killed ancl the liver was immediately homo-
geneized in two volumes o[ water. After 
standing two or three hours in the ice·box, 
the homogenate was centrifuged at 3.000 
r.p.m. The supernatant was then dialyz·ed 
aga inst clistill<d water for 15 to 20 hours. 
Dialysis for a longer time dicl not inactivate 
thc enzyme. On storage for severa] days at 
-59C in active pro te in preci pi tate el ancl no 
appreciablc loss of activity was observed. [n 
sorne experiments the extract o[ acetone clriecl 
liver as clescribecl by Schlenk and Waldvo-
gcl 5 was used, and in others the extract pre-
parcd according to Kalckar '3 t.aking the frac-
ti.on which precipitares between 0.4 and 0.6 
saturat<d :11nmonium sulphate followed by 
clial1ysis. 
TABLE I 
Action nf the liver exlmct on different substrates. 
Results in micmmoles of Tibose-5-phosJJhate 
S [ ' JI S T n A T E 





















Tit e actio11 o( phosfJiwte and mag11esium. Procedure ns d escriúed in texl. 
Substrate: uridine. Results in lllicrollloles of riiJose-5 -jlhos¡;hate 
H ours of incubation 
No ¡;hosf;/¡ate No J;hosfJhate With 
X o 111agnesiu111 TJ' ith 1na.gnesiu 1n TVith 
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TABLE III 
Tl1e artion of magnesium ion concenl ration. Proredure as descriúNI in 
le:d. lncubalion during 2 il ours al S7QC . R esulls in micromoles 
of T~bose-5-f;/wsjJhate 
Molar <OIIcentra t iou 
o{ Mp, 
o .00 13 .ü025 .005 .01 
Uridinc .09 - 0. 12 0.15 
1 
0.20 ... . ... 
U rid i ne-3'-phospha te .01 0.07 O. JO 0.11 0 .1 5 
1 
TARLE IV 
¡;T-l o fll imu m. R esulls in. u1ic1omoles of liúose-5-jJ!wsj;hale 
¡;ll 
\"U JJSTRATE 
G.G 7.0 7.4 
llridinc ........ . .. . 0.06 O.OS 0 .18 








Substrat es. - Uridine, uridi.ne-3'-phospha-
te, cytos ine ancl cy to'Si.ne-3'-phosphate were 
preparcd accord ing to Loring et al 19 or wcre 
commercial samples (Schwarz). Ur idin e-5'-
phosphate was preparecl from uridine-dipbo,;-
phate-glucose 17. 
Esti11wtion of tit e enzyme. - The ribose of 
pyrimidin-ribosidcs g ives no co lotn- with the 
m ethods used for pentosc estima tion. Therefo-
rc, the liberat ion of ribose or ribose-phospha-





FICURE l . - Thc ac tion o( difCe1·ent enzym e preparations o n uridin e ami adcnosi ne. 
x Livcr exlract dialyzcd 20 hours. 
e> Fraction prccipitating between 0.4 - 0.6 sa turation with ammonium su lph alc followin g 
th e procedurc o [ Kalckar (3). 
o E·xt rac.t o[ aceton e dried Ji ver according lo Schlenk a ntl \\'a ldvogel (5). 
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Thc enzymatic systcm was macle up as fol-
lows: 1 micromole of substrate, plus 0.1 ml of 
0.06 "!\•J phosphate buffer of pH 7.4 p lus 0.1 ml 
o[ 0.08 M magnesium chloride and 0.1 ml of 
emyme sol ution. Total volume, 0.3 to 0.4 ml. 
Incubation was carriecl out at 379C in the pre-
sence oL toluene. 
The reaction was interrupted at the desired 
time by adclition of one volume of 2 N HCl; 
al'ter ccntrifugat ion an aliquot o[ the superna-
tant, usually half, was taken. Water was then 
addcd to make 3 ml and the ribose was esti-
matcd following the methocl cl cscribecl by Mej-
baum 20, heating 30 minutes. In sorne cases the 
colourecl compound was extracted with amyl 
alcohol. Ribose or xylose were used as stan-
clards and the colorimetric values were calcu-
latecl as ribose-5-phosphate following the incli-
cat ions o[ Albaum and Umbreit 21_ 
RES ULTS 
Action on different substmtes. - As shown 
in table I, the liberation o[ ribose could be 
detened with uricline or its phosphates, but 
uot with cy tosine . '1\' ith the latter the adcli-
tion of heated liver extracts was t-ested with 
!legative results. The uridine-phosphates are 
probablty transformccl into uricline o[ phospb;,t -
tase :tction. 
Accurate results o[ the acttvJty of uridine-
phosphorylase were not obtainecl becausc the 
system contains enzymes which catalyze the cli-
sappearance oi ribose-phosphate. This can be 
observecl in fig. 1 .'vVhen adenosine is thc subs-
trate the ribos-e moiety is clirectly estimatecl 
with Mejbaum's procedure. By incubation with 
th e cnzyme mixture the val u es decrease due to 
the further transformation of the ribose-phos-
phatc liberated by the phosphorylase. '"' ith 
uricline the ribose moiety is not estimatecl un-
ti! it is tr:llls[ormccl into ribose-phosphate. The 
accumulation o[ ribose-phosphate [rom uricline 
clepends on the relative activity of two reac-
tions: the uricline-phosphorylase which forms 
ribose-phosphate and the other ennymes which 
destroy it. The rcsults using the enzymc pre-
parations of Kalckar ancl Schlenk and 't\Talcl-
vogel are a lso shown in fig. l. . 
Conditions for maximum activity.- Resu :ts 
appearing in table JI show that practically no 
cnzymati c activity was detectecl in the absence 
of' either phosphate or magnesium ions. The 
effect o[ Lhe latter was more manifest after a 
thorough clialysis. The optimum concentration 
o[ magnesium is 0.02 to 0.04. M or higher (ta-
ble III) . 
TABLE V 
Th e Joun111ion of 1 i/J{)se eslers. Proced11re describerl in t exl. A 111011111 
douhled. Substrale: uridine. Rihose eslns reprf'sent the Jmrt preciJJitaíed 
!Jv !he .<iomogyi dejJ'rateiniúnp; JHocedurP. 
ITours o[ incubation Free ribose ~~ moles Ribosc cstcrs !l 
1 0.04 0.30 
2 0.04 050 
3 0.06 0.53 
TABLE VI 
Li/}{'1'ftlion o( uroril . .\uf¡sfratc: 2 111icrouJO/~s of u.ridinr' . Uracil csti111aled 
b1· a/Js'Jr!Nwr·.'' al 290 111¡;. in 0.01 :\'aOf-1 af'ter de¡n·ofeinizinp; 
willt /richloroce1ic acid. 
moles 
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The pH optimum was about 7.4 both when 
th e su bstrate was uricline or uriclylic acicl (ta-
ble IV). 
The formation of Tibose ester. - It is known 
that carbohyclrate phosphates are precipitatecl 
in the deproteinization proceclure clescribecl by 
Somogyi 22. Use of this fact was macle in orcler 
to find out whether the ribose liberated from 
u1 idine was free or esterified. The ribose left 
in the supernatant a[ter zinc sulphate barium 
hydroxide treatment was substracted from the 
amount found directly. This valu e was consi-
dered to represent e,terified ribose. 
A shown in tab!e V, practically all thc ribo-
se Jiberatecl by the enzyme is in the bouncl 
form. 
The /ibemtio11 o[ uracif. - The absorption 
i>pectra of uracil a nd uridi ne pu blished by 
P!oeser and Loring 23 show that in 0.0 l N 
sodium hyclroxide the mo~ar absorbency in-
dcx (molar extinction coefficien t) at 290 m p. 
for u1 acil is 5 500 ancl practically zero for uri-
din e. It is thus possible to e3timate these two 
substances in a mixture. As shown in table 
vr, the amount of uracil liberatecl is slightly 
higher than the amount o[ ribose esters form-
ed. 
DISC USS ION 
Thc reactions catalyzed by the enzyme miX-
ture can be formulatecl as follows: 
Uridinc + phosphate <=t uracil + ribose-1-
phosphate. 
JI Ribo~c- 1 -p h cfphatc <= ribose·:i-phosphata 
liT Ribosc-5-phosphat.e <=t uniclent ifi ecl proclucts'. 
That reaction I takes place is proved by 
the liberation of uracil, by the indispensabi-
lity o( phosphate for the r·eaction and by the 
forma t ion of ri bose es ter. Reactions II ancl 
l1 l also take place with the extract usecl be-
Ul u~>e sta rting wi th adenosine therc occurs a 
disappearance of ribose, the mechanism o[ 
which has bee n studied by . othcr workers. 
The necessity of magnesiu m ions has not 
bcen mentioned in the work of Kalckar on 
guanos ine-phospho11ylase. It is Jikely that mag-
nesium is necessary for reaction II and not 
[or the phosphorylase (reaction I) . The ac-
tivation observed would be due to the fact 
that reaction I is reversible and would not 
take place if the ribose-1-phosphate is not re-
moved [rom the reaction mixture by the phos-
phoribomutase (reaction II). 
The act ivity o[ nucleoside phosphorylase 
which was [ound by Kalckar to be limitecl to 
the guanine ancl hypoxanthine ribosides, ap-
pears to be more general. Thus activity on 
aclenosine was founcl by Schlenk and cowor-
kers and activity on uricline is described in 
this pa per. It is likely that the discrepancies 
are clue to the methocls of estimation and on 
the positio.n o[ the equi librium in these reac· 
tions . 
Another point which remains to be settled 
is whether there is only one phosphorylase 
which acts on several ribosides or whether 
each nucleosicle nceds a specific enzyme. 
SUMMARY 
Rat liver cxtracts were founcl to contain 
an enz:ymc which in the presence of inorga-
nic phosphate transforms uricline into uracil 
and ribose phosphate. The process was (ound 
to be accelerated by magnesium ions. 
Uridylic acid was also transformed whereas 
cytosine ancl cy ticlylic acicl were not. 
RESUMEN 
En el extracto ele hígado de rata se demos-
tró la presencia de una fosforilasa que actúa 
sobre la uriclina y los ácidos uridílicos origi-
nando, en presencia de fosfato y magnes io, 
uracilo y ésteres de ribosa. 
La citosin a y el ;ícido citidílico no son ata· 
ca dos. 
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URIDINE DIPHOSPHATE GLUCOSE: THE COENZYME OF 
THE GALACTOSE-GLUCOSE PHOSPHATE 
ISOMERIZATION 
A PREviOus report 1 dealt with the enzyma-
tic conversion ot galactose-1-phosphate into 
glucose-l-phosphate and mentionecl that a 
thermostablc factor is necessary for the reac-
tion. This factor has now been obtained prac-
tically pure, ami for reasons given below will 
be referred to as uridine diphosphate gluco-
sc. 
The preparation of uridine diphosphat·e 
was effected by extraction o[ bakers' yeast with 
one volume of ethanol, followed by tractional 
precipitation with mercuric acetate, adsorp-
tion on charcoal, elution with ethanol and 
treatment with a cation-exchange resin. 
During the Jast stages of purification, it 
was observed that tbe activity ran parallel 
with a substance showing absorption at 260 
m¡.t . The same paralle,!ism was observe el d ur-
ing paper chromatography with 77 per cent 
ethanol. The absorption spectrum o[ the subs-
tance is identical with that of uricline, and 
shows the same changes in acid and a lkali , 
and after treatment with bromine. For each 
uridine calculated from its absorption coet-
ficient 2, the substance contains two phospha-
tes and two nitrogens. 
On mild acicl hydrolysis, uricline diphos-
phate loses its coenzymatic activity and yields 
a molecule of a reducing sugar which was 
id en tifiecl as gl u cose by selective fermenta-
tion, paper chromatography, and the carba-
zole reaction :>, after removí ng in terferi ng subs-
tances with ion exchange resins. The rate of 
glucose liberation in 0.01 N acid at JOO<?C. is 
higher than that of glucose-1-phospha te (half· 
life-time t'/. = 0.8 ami 3.8 min. respective-
ly) . 
Intact uridine cliphosphate is non-reducing, 
ancl, wgether with the Jiberation of glucose, 
there occurs a change in the titration curve: 
it has two primary phosphoric acid groups and 
no secondary, while removal of the glucose 
unmasks a seconclary acid group. This indi-
cares that the glucose must be combined at 
position 1 with a phosphate group. Further 
evidence on the Jinkage of glucose to phos-
phate was obtained by treatrnent of uridine 
cliphosphate with a suspension of washed kid-
ney particles. A substance was libcrated which 
behavcd like glucose-1-phosphate under the 
action of phosphoglucornutase. Oxidation of 
uridine diphosphate with periodate gave one 
molecule of forrnic acicl and no forrnaldehy-
clc, as woulcl be expected from a glucopyra-
nosyl resiclue. 
Thc substancc rernaining after removal of 
the glucose contains two phosphate groups, 
one o[ which is 90 per cent hydrolysed. in N 
acid at 1 009C. in 15 m in. After hydro lysing 
this la bile phosphate, the rcaction mixture 
shows two primary ancl two secondary acid 
groups. The second phosphate group is very 
stable, a ncl i ts ra te of hyclrol ysis was fou ncl 
to be nearly equal to that given by Gulland 
ancl Smith 4 for uridine-2-phosphate. Howe-
ver, uridine-5-phosphate cannot as yet be ex-
el udecl. 
The substance remaining after removal o[ 
the two phosphate groups was iclentifiecl as 
uriclinc by paper chromatography. The pen-
tos·e coulcl be estimated by the orcinol reac-
tion after bromination 5. Further hyclrolysis 
in 6 N ·hydrochloric acid [or 2 hr. at 1209C. 
gave uracil as juclgecl by chromatograph y ancl 
by its spectrum at various pH. 
On the basis o( this evidence, uricline di -
phosphate can be tentatively assigncd the ac-
companying- formula, which shows a pyro-
phosphate linkage ancl explains the [acts that 
it has only two primary acid groups, and that 
one scconclaJ,Y acid group appears on remo-
val of thc l!;lucose residue and another on hy· 
drolysis of the 1abile phosphate. Molecular 
weight calculatecl (rom the dry weight ami 
uri.cline content gave a value of 630, which is 
not too [ar from the theoretical value oE 566. 
One point is not yet clear; that is the ac-
tion oE alkali. Treatment with O.l N alkali at 
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JOO•.>C. destroy~ the activity in a few minutes. 
~o pl!osphate is Jiberated; but there occurs 
a stabilization of the glucosidic linkage so that 
the glucose now undergoes hydrolysis at the 
ame rate as the first phosphatc group. Pre-
·umably a lkali brings about a rearrangement 
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The mechanism by which uricline cliphos-
phate acce lerates the conversion of galactose 
into glucose will require further investiga-
tion. The fact that glucose phosphate can be 
recogn ized as a part of the coenzyme suggests 
th a t tbis portian may e~change with the subs-
trate during the reaction cycle. 
An interes ting fact is the similarity of uri-
dinc diphospha te with the compound which 
Park and Johnson 6 have found to accumula-
te in Staphylococcus aureus grown in the pre-
sence o[ penicillin. It is not possible from 
thcir data to conduele that it is the same com-
pound; but the resemblance is striking. 
A full account of this invest igat ion will be 
pu bl ished elscwerc. 
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JNTRODUCTION 
A prev ious paper 1 reponed the isolation 
ol' a substance acting as coenzyme in the trans-
formation o( galactose phosphate into glucose 
phosphate. The structurc of this coenzyme 
(U DPG) 1 can be describecl as a glucose 1-
phosphate moleculc attached to uridine 5'-
phosphate forming a pyrophosphate link. 
In vicw ol the Iact that hexose phosphate 
i5 the substrate ancl also a part of thc coen-
zymc, investigations were carried out in orcler 
to detcct possible changes brought about by 
the cnzyme on the sugar moiety o[ the coen-
zyme. The enzyme ~~·sed was an extraer of 
SacciWTOII1)1CCS Jragilis, which can transform 
galactose 1 -phosphatc into glucose 1-phospha-
te in the presence o[ UDPG. It was founcl 
that when UDPG alone is incubatecl with this 
elll)'lllC preparation a part of the glucose is 
transformed into galactose. As shown in Fig. 
1, the reaction rcaches an cquilibrium in 
which about 25% o[ the sugar is galactose 
an d the rest g lu cose. Detection o( ga lactose 
was carr ied out by paper chromatographiy 
with the pyridine-c thyl acetate solvent des-
cribed by .Jcrmyn and Isherwoocl 2 . Conside-
rable experience with this proceclure has 
shown that galactose can be distinguishecl 
[rom 20 othcr sugars or related compounds. 
Other proccdures su eh as s·electi ve fcrmen-
t8tiou or colored reactions while giving ap-
proximately the expected results were not 
convincing. 
After i t was founcl that a ga lactose-con tain· 
1 Thc following abbvrcvialions a re uscd: U DPG 
= uriclin c diphosphate glucose; UOI'G a = uricline 
diphosphalc galactose; glu·l·P = glucosc l -p hospha· 
le; gai · .I· P = galactosc l·phosphate; Ui\fl' = uri · 
clinc 5'·phosphatc. 
ing compound was formecl by cnzyme action 
on UDPG, information was sought on the 
identity of this compound. The most obvious 
possibilities were UDPGa, gal-1-P, or free ga-
galactose. Three types of experiments were 
carried out in order to settle this point. 
(n) The nucleotides can be precipitated 
with mercuric salts leaving the esters ancl free 
sugars in the supernatant. The galactose·con-
taining compound was found to precipitare 


















F1G. l. - Formalion of galactose by incubalion o( 
UDI'G with S. fragilis ex tract. Incubalion at 37Q o( 
2 !'moles of UDPG with 0.04 ml. o( dialyzed S. {11agilis 
extraer. :Hter incubation 0.02 ml. of 2 N H .• SO, was 
aclclecl, thc tubcs were heatecl 15 min . klt i009 and 
cooled. 1 hrce-tcnths mi. o( 0.3 M barium hyclroxide 
was added ancl then 0.1 mi. of 5 % zinc suHate. Af· 
ter ccntrifuging, the samples were evaporated and 
cl cpositecl on (ilter paper for chromatography (sce 
tcxt). Ordinale> rcprcsent the per ccnl o( g'a lactosc 
in total hexosc. 
(b) UDPG can be separatecl from the es-
ters and free sugar by chromatography with 
ethanol-acetate at pH 3.8. Here the galactose 
compouncl was found in the UDPG zone. 
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(e) lt has been found 3 that wr.en UDPG 
~~ chromatographed with ethanol-ammonia 
the compound breaks clown to uridylic acicl 
and a compound containing one glucose mo· 
lecule and one phosphate which is doubly es-
terified. This compound will be re(erred to 
as the cyclic phosphate. This compound mi-
grates in the solvent much faster than any 
o( the known hexose monophosphates and 
slightly slcwer than free hexoses. In this type 
of chromatography it was [ouncl .that the cy-
cl ic phosphate zone con tained both glucose 
and galactose. 
Therefore, all the experiments agree m 
tbat incubation of UDPG with the S. f-ragilis 
extract gives rise toa new compouncl in which 
the glucose is replaced by galactose. This com· 
pound may be referrecl to as UDPGa . 
In arder to correlate this enzymatic change 
with the catalytic role of UDPG in the trans-
formation of galactose l-phosphate into glu-
cose 1-phosphate this reaction can be separat-
ed in to two steps: 
UDPG + gal-1-P~ UDPGa + glu-1-P, 
UDPGa ~ UDPG. 
Reaction 1, which is hypothetical, is a trans-
[er of UMP from glucose phosphate to galac-
tose phosphate, while reaction 2 is proved to 
occur by the experiments reported in this 
paper. 
As to the mechanism of reaction 2, one pos-
sibility would be an alclolase trype o[ splitting 
l.Jetween C-3 ami C-4 of the hexose followed 
by recombination. This would necessitate the 
formation of free triase. Experiments design-
ed to cletect triose in the reaction mixture ei-
ther with or without a trapping agent such 
as cyanide have been negative. 
In connection with the cyclic phosphate 
formed by the action of ammonia on UDPG 
it may be mentioned that Forrest ancl Todcl 4 
have independently founcl that flavine ade-
n ine dinucleoticle suffers a similar degrada-
tion which leacls to the formation of a ribityl 
flavine monophosphate, which is cloubly es-
terified at positions 4 and 5. The degradation 
product o[ UDPG is nonreducing, ancl the· 
refore one point of attachment o[ the phos-
phate is at position 1. The other point of at-
tachment had not been established. For an 
a.-glucose derivative it might conceivably be 
cither J ,2 or 1 ,4. Sin ce UDPGa al so gives rise 
to the diester and op steric grounds it woulcl 
be highly improbable to ha ve a l ,4-galactose 
compound, it se-ems reasonable to suppose 
that the substances in question are esterified 
at positions 1 ancl 2. 
EXPFRii\JENTAL 
The substrates ami S. Jmgilis extract were prepar-
ed as clescribecl previously ( l). For most experiments 
the enzyme preparation was dialyzecl 6 hr. •n Lhe 
colcl. The separation of galacto~e from glucose w11s 
carriecl out by clescending paper chromatography 
using a pyridine-ethyl aceta te-water (5: 10:6) solvent 
(2) equilibratcd at 309 befare separatwn o[ the two 
plmses. 
The samples were deposited as a band on 2 cm. 
wiclc \Vhatman No. 1 filter -paper stnp.s wh•ch had 
a blotting paper pacl stapled on the end (:i). Xy -
lo'e was aclclecl in al! the e-xperiments as u n mternal 
~tanclard .. -\[ter running for 16-20 hr. the papers 
were driecl, imme1!-ecl in butanol-aniline-phthalate 
reagent (6) and the color was clevéloped by heating 
to 1059 for 5 min. \Vith this reagent free hexoses 
give a brown color immetli·:Itely; the 1-estcrs, UDPG, 
ancl the cyclic phosphates give faint colors and only 
after prolongecl heating. For some experiments (Fig. 
1) , the spots werc cut out. cxtrac.tecl ovcrnight with 
3.5 1n l. of 0.7 N HC I in 8"0 % ethanol at room tem-
perature and the optical clensity was mcasured with 
a Bec.kman spectrophotometer at 41)0 m ¡L. 1 ( appro-
piate glucose and galactose standarcls were run at 
the same tim e the results were satisfacory from the 
quantitaliYc point o[ view. 
(a) PreciJJilation of the Calactuse Com¡Jonnd with 
Mercuric Acetate 
Six micromol es o[ UDPG in 0.2 mi. of water was 
incubated with 1).05 mi. of S. Jragilis extract for l :í 
min. at 379. The control containecl the same com-
ponents but the enzymatic reaction was stopped <1l 
O-time, and 2 ¡Lmoles of g•a lactose 1-phosphate ancl of 
galactose were adclecl . These aclclition were made in 
orcler to check the separation of UDPG from hexose 
esters ancl free sugars. A fter aclcling alcohol to 50 'lo 
concentration the samples were made acicl Lo Congo 
red paper with ni~ric •a cid. ancl 0.1 m l. of 20 'lo mer-
curic acetate was aclcled. The precipitate was dissolvecl 
in l mi. of 1).4 !lf ammonium acetate, ami alcohol 
ancl nitrir acicl were aclcled as bdore followecl by 1 
clrop o[ mercuric acetate . After repeating the proce-
dure two times more, the precipitate was suspended 
in water, clecomposecl with H,S, and heatecl at pH 2 
al 1009 for 1.~ mins. The solution was then ne utralized 
with barium hydroxicle ancl centri[uged. The super-
n ;; tant was then concentrated ancl c.hromJtographecl. 
Glucose ancl galactose were founcl to be prcscnt in the 
incubated sample while the control contained only 
gil-cose. 
(b) Chro111atograjJhy with Aciri-Ethrmol 
One mi. of UDPG solution containing 1:) ¡Ltnoles 
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was mixcd with 0.2 mi. of S. fragilis extmct and in-
cubatcd 30 min. at 379. Proteins were then precipi-
tated by aclding 3 mi. of alcohol and a drop of .~ o/o 
acet ic ac icl. i\fter centrifugation the atcoholic. solu-
tion was concentratecl ancl cleposited as ¡¡¡ bancl on, a 
15-cm. w ide Whatman :-lo. 1 paper. Spots with glu-
cose aml glucose 1-phosphate were nm at the same 
time. The solvent used was made by mixing 75 m!. 
of ethanol with 30 m!. of 1 1\f sodium acetate buffer 
o[ pl-1 3.8. ,\fter chromatography a portian of lhc 
¡nper was sprayed with aniline-phthalate reagent (6) 
ancl healed: the R 1 va1ues were: DPG = 0.18 , g1u-
cosc 1 -phosphale = 0.33, glucosc = 0.55. rrom Olher 
experimenls it was J...nown thal al! the hexose mo-
nophosphates give about the same R.F with this sol-
vent. Bands corresponding to the position oE UDPG 
anc1 of glucose phosphate were cut ancl extracted with 
water. The ~olutions were acidified lo pH 2 with sul-
furic acid and heated 30 min. at 1009. Barium car-
bonate was then aclckd to neutrality ami thc liquicls 
were chromalographecl with lhe pyridinc-ethyl acetatc 
solvent. The exlract from the UDPG zone was found 
to contain both glucose ancl ga1aclose. That of lhe 
hexosc phosphate zone gave traces of glucose only. 
(r) SefHtralion of lhe Cyclir Plwsj;hates 
léxjnriment J. The experimental technique uscd 
was the same as in the previous experiment cxccpt 
thal the solvent for the chromatography was made by 
mixing 75 mi. oE 95 <Jo ethanol with 30 ml. of con-
centrated ammonia . The RF Yalues were: glucose 1-
pliosphatc, 0.27: cyclic phosphale, O 56, an·d glucosc, 
0.61. The glucose 1-phosphatc, aml the cyclic phos-
pl!atc band were cxlrj!.cted hydrolyzed 20 min. al 
1009 in 1 N sulfuric ac.'d , the acid neutralizecl with 
barium hyclroxicle, ancl the supernalanl was chroma-
tographcd with pyridine-ethy1 •acctate. The extract 
from thc dicsler zone was founrl lo conlain glucosc 
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anc1 galactose, and that o[ the glucose 1-phosphate 
zone showed faint traces of glucose only. 
Experiment JI . In arder to obtain a belter sepa-
ration of hexoses from the cliesters •a similar expc-
riment was carriecl out in which the ethanol-am -
monia solvcnt was a11owed to run only 16 cm ., and 
after clrying was replaced by pyrücline-elhyl aceoate. 
On develoyment with aniline-phosphate, three bands 
were visible al 7.1. 17.7, •ancl 30.2 cm. A control with 
the cnzymatic reaction stoppecl at O-time showcd lhe 
same bancls. Known samples of g1ucose appeared at 
31.7 cm.; ga lactase, 29,5 cm .; glucose 1-pho~phate ami 
galactosc J -phosphate. 5-10 cm. The bands (4 cm.) 
wcre extmcted and hydrolyzed in orcler to iclentify 
thc sugars as 111 th e previous experimenls. 
A ll thc sam pies sbowed the presence of gl u cose 
while galactose was founcl on1y in the hexose phos-
plnte (7.1 cm.) ami in the cyclic phosphatc ( 17.7 
cm .) zones of the incubatecl sample. 
SUMMARY 
Treatment o[ uridine diphosphate glucose 
_(UDPG) with an enzyme o[ S. [mgilis was 
Iound to produce about 25 % of a galactose-
containing compouncl. This compound is 
precipitated with mercuric ions Jike UDPG, 
ancl its migration in chromatography in acid-
ethanol is similar. By alkaline treatmcnt it 
givE>s, like UDPG, a doubly esterificd hexose 
monophosphute. It is concludecl that the 
compouncl is uricline cliphosphate galactose, 
and the bearing of this fincling on the me-
chanism o[ action of UDPG is cliscussed. 
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URIDINA-DIFOSFATO-ACETILGLUCOSAMINA 
Aislamiento e identificación 
ENRIQUE CABLB, L u ts F. LELOIR Y CARLos E. CARDJNt 
Instituto de In vestigaciones llioqui111icas, Fundación CalllfJomar 
]ulidn Alvarez 1719, Buenos Ai1·es, Argentina 
Se demostró en trabajos anteriores qu e la 
Lransformación del galactosa-1-fosfato en gl u-
cosa-1-Iosfato requiere una coenzima: el uri-
dina-difosfato-glucosa (UDPG) 1 , 2 . Estudian-
do por la cromatografía sobre papel prepara-
ciones de esta substancia obtenidas de leva-
dura y parcialmente purificadas, se clescu brió 
junto al UDPG la presencia de un compuesto 
que al parecer difería de éste por contener 
una substancia. (X) cliferent:e de la gluco-
sa 3 . EsLe nuevo compuesto fue designado 
¡)rovisoriamenLe UDPX, pero actualmente 
resulta más apropiado designarlo UDPAG. 
~o~-· 
1 ~ ~ 1 r r 
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O = C CH 1K -----, 
1 11 1 1 
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Park y Johnson 4 observaron que substan-
cias ele estn.¡ctura parecida se acumulan en 
el Staphylococcus aureus tratado con penici-
lina, y Park 5 ha llegado a la conclusión que 
uno ele estos compuestos sería similar al 
UDPG, pero que en lugar de g lucosa conten-
dría un resto de <íciclo amino uróni co. 
RecienLemente, separando los nucleóticlos 
libres ele la levadura ele panade ría con resi-
nas aniónicas, se ha logrado obtener mayo-
res can Lielacles de UDP AG y se h an podido 
llevar a cabo e tuclios sobre su estructura. 
La preparación se efectuó por extracción 
ele levadura d e panadería comercial con al-
cohol , seguida ele precipitación con sales de 
mercurio y separación cromatogrMica ele los 
nucleó ticlos con una columna de resi na Do-
wex-1, siguiendo en líneas generales la técni-
ca descrita por Cohn 6 . El UDPAG conten ido 
en las fracciones obtenidas con este trata-
miento fue Juego absorbido sobre carbón, 
eluído con alcohol acuoso amoniacal y preci-
pitado como sal ele calcio. 
La substancia reductora diferente de la glu -
cosa que se libera del UDPAG por hidrólisis 
ácida moderada (ácido sulfúrico 0.01 N, 10 
minutos a lOO<?C), fue identificada como ace-
Lilglucosamina en base a las propiedades si-
guientes: 1) da la reacción de Margan y El-
son 7 para acetilhexosaminas; 2) su Rr en 
cromatografía ele papel con distintos solven-
tes es idéntico a l de la acetilglucosamina; 3) 
por hidrólisis prolongada con ácido sulfúrico 
0.1 N se libera glucosamina, como se puede 
comprobar por la reacción ele Elson y Mar-
gan 8 para hexosaminas no acetiladas, y por 
el Rf en el papel, usando un solvente com-
puesto ele piriclina, acetato d·e etilo, amoníaco 
y agua. Como la reacción ele Margan y El-
son efectuada sobre el UDPAG sin hidrolizar 
es negativa, la acetilglucosamina debe estar 
sustituida en el C l , como la glucosa en el 
UDPG. 
La estructura del resto de la molécula del 
UDPAG fue investigada con métodos simila-
res a los utilizados para el UDPG. 
La uridina se identificó y determinó cuan-
titativamente por su espectro de absorción 
en el ultravioleta. La relación uridina: fos-
fato: aceLilglucosamina es aproximadamente 
1:2:1. Las curvas ele hidrólisis en ácido del 
azúcar y del grupo fosfato lábil del UDPAG 
son similares a las del UDPG. Los nucleóti-
ctos liberados por hidrólisis de 10 minutos en 
ácido 0.01 N y ele 20 minutos en ácido 1 N 
a l OO <>C, fueron identificados respectivamen-
te como uriclina-5'-pirofosfato y uriclina-5'-
Iosfato por cromatografía en papel, compa-
80 C:.\BJB. LELOIR , CAR DI:\1 
1 ando con especímenes conocidos. La posicJOn 
del fosfato en el uridina-monofosfato fue con-
Jirmada por tratamiento con una fosfatasa 
de veneno de serpiente que hiclroliza espe-
cíficamente los 5'nucleóticlos 9 _ 
La curva ele titulación electrométrica del 
UDPAG muestra, como en el caso del UDPG, 
do> grupos fosfato primarios y ningún secun-
da rio. Un grupo fosfato secundario aparece 
de;pués de hidroli~:ar la acetilglucosamina y 
ou o se pone en libertad al hidrolinr el fos-
fato lábil. 
De toda estas determinaciones se puede 
deJucir que en el UDPAG el uri(lina piro-
fo~rato está unido a la posición l ele la ace-
td-glucosamina, como se ve en la fig. J. Los 
da tos analíticos obten i:Ios para u na muestra 
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ele la sal de calc io fueron los siguiente (las 
ci (ras representan porcentaje en peso y aqué-
llas entre paréntesis son las teóricas calcula-
das para la fórmula ele la fig. l ) : nitrógeno, 
6.3.'5 (6.4) ; fósforo total, 8.2 (9.46) ; fósforo 
láb il (20 minutos ácido l N a l 009C) , 4.05 
(4.73); uridina (por absorción a 260 m¡;.), 
37 .2 (36.0); aceti lglucosam ina, 34.4 (33.8) . 
Se han realizado diversos ensayos para de-
terminar la función del UDPAG en la leva -
dura, pero sin resu ltado hasta ahora. Dada 
la similitud de su estructura con la del DPC 
se puede pensar que tenga también una fun-
ción coenzimática análoga en el metabolismo 
ele las hexosaminas. 
Este trabajo será publicado próximamente 
''in exten o". 
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STU.DIES ON URIDINE-DIPHOSPHATE-GLUCOSE 
BY A. C. PALADINI AND L. F. LELOIR 
In stituto de Tuvestigaciones Bioquímicas, Fundación Campomar 
juli ..ir1 Alvarez 1719, Buenos Aires, Argentina 
A previous paper (Caputto, Leloir, Carcli-
ni & Paladini, 1950) reportee! the isolation 
of the coenzyme o[ the galactose-1-phospha-
te glu cose-1-phosphate transformation, and 
presen ted a tenta ti ve structure for the subs-
tance. This paper deals with: (a) studies 
by paper chromatography of purified prepa-
rations of uridin e-diphosphate-glucose (UD 
PG) ; (ú) th c id entifi cation o[ uridine-5'-
phosphate as a product of hyclrolysis; (e) 
stucli es on the alkaline clegraclation of UDPG, 
ancl ( d) a substance similar to UDPG which 
wi ll be referrecl to as UDPX. 
UDPG preparations sludied by ehomalo-
graplly. Paper chroma!?.graphy with appro-
pnate solvents has shown that sorne of the 
purest prepara tions of UDPG which had 
becn obtained previousl y contain two o thr.r 
compouncls, uriclinemonophosphate (UMP) 
and a substa nce which appears to have the 
same constitution as UDPG except that it 
contai ns an unide ntifiecl component instead 
o( glucose. This substance will be provisio-
nall y referrecl to as UDPX (Fig. 1 a). 
The three components have been testecl 
for coenzymic activity in the galactose-1-phos-
pha te glucose-1-phosphate tarnsformation, 
and it has been confirmecl that UDPG is the 
active substance. For each mole of uricline of 
UDPG in a sample extractecl from the paper 
thc total phosphate was 2:04, the labile phos-
phate (15 min. in N-acid at 1009) 1:04, ancl 
thc rcducing power (cale. as glucose) after 
hyclrolysis ( lO min . in 0:01 -acicl at 1009) 
1:03 moles. 
When UD PG is hidrolysed a t pH 2 during 
lO min. at 1009 glucose is liberated ancl, as 
shown in Fig. 1 b, the UDPG and UDPX 
peaks are replaced by a slow-moving compo-
nent which is uridinecliphospha te. 
Fig. 1 e sho ws thc results obtainecl after 
inactivating UDPG with alkali . Besicles uridi-
ne phosphate a fast-and for a slow-moving su-
gar ester are formed. 
l dentifieation of w-icline 5'-plws<phate .The 
procluct obtainecl by hyclrolysing off with acicl 
the glucose and one phosphate group from 
UDPG was previously (Cap uto et al. 1950) 
postul a tecl to be uricline 5'-monophosphate. 
However, the hyclrolysis curves of this com· 
pound rcsembled rnore those given by Gu-
lla ncl & Smith ( 1947) for uricline-2' -pho-
spha te. Since then Brown, H aynes & Todcl 
( l 950) ha ve founcl that the substance sup-
posed to be uricline-2'-phosphate was uricli-
ne-5'-phosphate. The h yclrolysis procluct of 
UDPG has now been comparecl with a synthe-
tic specimcn of uricline-5'-phosphate. Both 
substances were founcl to be iclentical as jucl· 
gecl by chromatographic behaviour (Fig. 1) 
ancl by the rate of acicl hyclrolysis (Table 1). 
The crys talline barium sa lts of the two sub-
stances were prepared, ancl after recrystalli-
zation from water is was founcl that the mi-
croscopic aspect of both samples was the sa· 
me. The X-ray el iffraction patterns obtainecl 
b y Prof. Galloni wcre iclentical for both sam-
ples. 
TABLE 1 
Ar:id hydrol)1Sis of uTidine phosphales 
(samples hcatcd at 1009 in 0.1 N.H,SO,) 
P hydrolysed (%) 
T ime Synh etic UMP Ero m UMP from 
(hr.) uridine-5 ' - UDPG byacid UDPG ~iby 
phosphate h yclmlysis alkalihe 
hyd.wlysis 
8.2 12.5 13.7 13.7 
2ú.4 26.ií 28.2 29.2 
3G. :í 44 .4 46 .0 43.9 
59.!) 57.0 59.7 58.7 














Frc. l. - Chromatograms of UDPG preparations. 
Samples run simultaneously at 309. Solvent: ethanol-M-
ammonium acetate, pH 7-5. Adenosine was ac.Jjed as 
reference substance. The log l 0 Jl values werc mcasured 
at 260 ITIJL a, partially purified UDPC; b, same after 
heating 15 m in. at l Oü9 at pH 2; e, heated 5 m in. 
aL 1009 with excess NH,OH; d, synthetic uri.Uine-5' -
phosphatc plus glucose-1-phosphate. Clucose ancl its 
esters were located after r·emoving the paraf(in by 
cthcr extraction followed by spmying with aniline 
phtalate. 
The al/wiine degradation of uridine-diPho-
sphate-glucose. It has been reported p~·evi· 
ously (Caputto et al. 1950) that UDPG loses 
its catalytic activity after milcl treatment 
with alkali. It was found that this inactiva-
tion was accompaniecl by a stabilization of 
the glucosc resiclue ancl by the liberation of 
a secondary acid group o[ phosphoric acicl. 
Funher work on this point has shown that 
mild a!kaJine treatment of UDPG leads to 
the formation of UMP and a glucose ester in 
which the phosphate is doubly esterified. 
This substance (Fast Ester') moves faster 
than any of the known glucose esters during 
paper chromatography. Wíth a more drastic 
alkaline treatment or with acicl the ''Fast 
Ester" is transformecl into another substance 
or substances which move more slowly. These 
are ref.erred to as "Slow Ester (s) ". 
FIG. 2 
Thc experiments which wilJ be clescribed 
can be interpreted by assigníng to the "Fast 
Es ter" the structure of a 1: 2-monophosphoríc 
ester of glucose (Fig. 2). Further trcatment 
with alkalí woulcl yield a mixture o[ gluco-
se-2-and glucose-1-phosphate by hydrolysis of 
the links marked a ancl b respectively. Treat-
ment with acid would yielcl the same pro-
ducts, but since glucose-l-phosphate is hydro-
lysed immediately only glucose-2-phosphate 
would remain . Thus the "Slo.w Ester" prepa-
recl wi th alkali shoulcl be a mixture o[ gl u-
cose-1 ancl glugose-2-phosphates, while that 
prepared with acicl shoulcl be glucose-2-pho-
sphate. 
The exact conditions uncler which UDPG 
is clegraclecl with alkali have nol been deter-
mined. It is clecomposed rapiclly during chro-
matography with the ethanol-ammonia sol-
vent. Under these conclitions the formation 
of the "Fast Ester" apparently occurs in less 
than 20 m in., sin ce the latter a ppears as a 
well definecl spot with practically no taili ng. 
At pH 8 at 189 UDPG remainecl un changd 
pJ.I 
F1c. 3. - Titration curve of thc 'Fast Ester'. The 
substance was pa·ssed through a column o( cat ion ex-
changc rcsin in thc hydrogen form. One samp le was 
titnated clirectly (cul"Ve A) ancl another sample (curve 
B) was heated 15 min . to 1009 before titration. Aftr r 
this treatment 10 % of inorganic phosphate and 10 % 
of the g1ucose were liberated. The arrow marked P 
shows the JLillOies of phosplmte in the samp lc. 
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TABLE 2 
PajJer c/i ro/1/a lograjJhy of the "fast" aml 
"slow" eslers 
(' •Vhatman no. 1 paper.) 
Rf l!alue; 
'Fast 'S iow Clucosl'-1-
Solvcnt Es ter' Es ter' pilosphatc Glucosc 
Etilanol (77 o/c v f v) o 29 0. 10 0.42 
J-:thanol ta n11noni a 0.53 O. 1 i o. 14 0.58 
Ethanol a1nn1oniu 1n aceta te, pH 7-5 0.55 0.22 0.20 ü 71 
during 18 hr. At pH 8-5 in 2 min , a t 1009 a 
mixture of UMP, and "Fast" and ''Slow'' es ter 
formecl. In con centratecl ammonia at 09 clur-
ing 30 m!n. UMP ancl ' 'Fast Ester" were 
formecl. 
Pmperties of tlz e "Fast Ester". Tablc 2 
shows the R[ values of the "Fast Ester" com-
pared with g lu cose and glucose-1-phospha te. 
\\'ith the solvents which were used the Rf va-
lues are grossly inversely proportional to 
the number of acid groups in thc molecule: 
thus h exosed iphosphates move slower than 
the monophosphates . For the "Fast Ester" the 
valu es are n early as high as those of free glu-
cose. This fact was the Lirst indicat ion that 
thc su bstance contains few'ér acid groups than 
any of the known hexosemonophosphates. 
Th is was con fi rmed b y e lectrometr ic titra-
tion (Fig. 3) which shows the presence of a 
primary but no secondary acicl group. Acid 
hydrolysi s of the "Fast Ester" yielded a sugar 
which w:-ts icl en tified as glucose by papcr chro-
matograph y in severa l solven ts. T h e same re-
sult was obtai ned after hydrolysis with a lka-
!inc phosphatase . 
70 
6/vcose · /. phosp!,a te 
. ,¡ 
o lO JO 60 80 100 120 
Tú,e (mi•.) 
Fig. 4 - Acicl hyclrolysis of the 'Fast Ester'. Sam-
ples hca tecl at 1009 in 0.1 N-H,SO, . Reducing power 
measurecl with Somogyi's (Somogyi , 1945) copper 
reagent followecl by arsenomolybclic acid (Ne1son, 1944) 
• phosphate; o reducing power ·as glucose. 
The curve of hyclrolysis of the "Fast Ester" 
in O. 1 N-acid is shown in Fig. 4. The curve 
shows a break at about 26 % h yd-rolysis as if 
it were the ·curve of a mixture of 26 o/o gluco-
se- 1-phosph a te and 74 % glucose-2-phospha-
te. The curve of libera tion of reclucing po-
wer is para llel to tha t of phosphate 1 ibera-
ti on . With the reagent used (Somogyi, 1945) 
glu cose-2-phosph ate does not g ive a detecta-
ble recluction . On heating the "Fast Est·er" 
in 0.1 N-a lkali (Fig. 5) 26% glucose-1- pho-
sphate is formed in less than 5 min. aml ma y 
be cletected with the specific phosphoglu c.::>-
mutase test. Th e hydrolysis curve of th e re-
maining 74 %> of organic phosphate 1s sJmt-
lar to th a t of gl ucose-2-phospha te . 
H eati ng the "Fast Es ter" in dilute ac id for 
a few minutes Jeads to the liberation o[ a se-
conclary a cid gro u p of phosphoric acicl (Fi-
gure 3) . The cha nge can al so be cletected by 
paper ch romatography, sine-e the "Fast Est.er" 
is transformed into esters having, about the 
same Rf as the normal h exosephosphates (Ta-
b1e 2). 
Osazone formation fmm "Slow Ester". The 
phosphate liberated during osazone forma-
tion was estimated on a sample of ''Siow Ester'' 
obtained from the "Fast Ester" by heating 
at 1009 for 5 min. in 0.1 N-acid. The inorga-
n ic phosphate formecl by the acid treatmcnt 
was measured and subtracted from the va lue 
obtained after phenylhyclrazine treatment. For 
comparison g lucose- 1-phosphate and gluco-
se-2-phosphate were a lso tested. The resu lts 
as follows ('70 liberation of P): glu cose-1 -
phosphate, O; glucose-2-phosphate, 9'1 o/o ; 
"Slow Ester'', lOO%-
Liberation of phosphate cluring osazone 
formation woulcl appear in theory to be spe-
cipic for sugars with a free carbonyl coma-
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ining phosphate in the 1 or 2 positions. Ho-
KeVer , i t has be en observed that gl ucose-3-
phc>phatc (Ra-ymond & Levene, J929) a nd 
fructos·e-3-phosphate (Levene, Raymoncl & 
1\'alti, 1929) also Jo,e phosphate during osa-
zone forma tion. 
The su ucture proposed in Fig. 2 Ior the 
''Fast Ester'' is consistent with experiments 
descri bed in a prcvious papcr (Lelo ir, 195 1) , 
80 
G/vcose. 2- phosfhile Fast es ter (<orr.) 
(,() 120 180 
Time (m,,.} 
FIG. :í . - . \lkaline hydrolysis o[ the Fast Ester'. Inor-
ganic phosphate was estimated a[ter samples (1.1 
p.M) werc haated in 2 mi. of 0-1 N-NaOH to 1009 in 
~toppcred bronzc tube. In a parallel cxpcriment g lu -
cose-1-phosphate was estimatcd with ycast phosphoglu-
mutasc IC:a rdini, i'aladini , Capulto, Lelo ir & Tru eco, 
1949) actil '<ltcd with glucose diphosphatc. Gl.ucose- 1-
phosphalc sl'.lndards werc run at thc samc time. The 
:amplcs o[ thc 'Fast Ester' gave 26 o/o o[ glucose-1-
phospltate :tfler heating 5 m in. in 0. [ N-J\ia Ofí..and 
1hc l'alues remainC'd constant aftcr heating lOor 20 min. 
Glucose-2-phosphate was not affected by phosphoglu-
com ut.ase. The corrected val u es for the percen tage 
h)drolys¡s of the Fast Ester' were ca lcula ted by con-
sidcring thc total phosphate minus the glucose-l -¡ hos-
phalc as q u al to 1 OO. • Farrar's (bata; o this pa per. 
in which a "Fast Ester" containing galactose 
wa~: cletected besides that con taining glucose. 
Evidence for the a structure of glu cose in 
UDPG has been obtai ned from preliminary 
polarimetric observations. It was found that 
an acicl treatment which hydrolysecl off the glu-
cose procluced a decreas·e in clextrorota tion: 
/1 (Nf] = 1839. This value is sim ilar to that 
for the conversion of a-g1 ucose-1-p hosphate 
toa~ glucose (/1 [M] = 2189). For an a-gl ucose 
es tcr the !ik.ely positions for the format ion 
of a cyclic phosphate woulcl be 1:2 or l A . 
But since 1:4 would be very unlikely for an 
a-galactose ester it was -concluded that both 
the gluco e ancl the galactose esters were pro-
bably esteriEied at tbe 1 and 2 positions. 
It rnay be mentioned that Forrest & Todcl 
(1950) have described the formation of a 
cycl ic phosphate of riboUavin by alkal ine 
trea tment of flavin-acleni ne-clin ucleotide. Pe-
riodate oxidation used ] mole of oxidant and 
gavc no formic acicl so that it was concluclcd 
that the phosphate was esterified at positions 
4 and 5 of the r ibity1 resiclue. 
UDPX. The 'substance giving the small 
peak which runs (aster than UDPG (Fig. la) 
has been isolatecl in small amounts by paper 
chromatography. Analysis showecl that the ul-
traviole t spectrum at clifferent pH values 
and after bromine treatment was that of uri-
dine, and that [or each mole of uricline in 
UDPX the total phosphate was 2.0'1, labi le 
phosphate ( 15 min. in N-acid at 1009) 1.0, 
and reclucing power aFter hyclrolysis (10 min. 
in. 0.01 N-acicl at 1009, cale. as glucose) 0.5 
mole. 
UDPX was founcl to remain unaffectcd by 
a trcatment with alkali sufficient to decom-
pose UDPG (Fig. 1 e) . 
The unknown component of UDPX has 
been studied by chromatography in various 
solvents, ancl it has been iound to be diffe-
rent from the following substances: aldohc-
xose .. , pentoses, Iructose, tagatose, sorbose, 
gl ucosami ne, uronic acids, fucose, rhamnosc, 
xylulose, rib ul ose, deoxyribose, adonese, eryth-
rulose, 1- and 3-metryl fr uctose, 2- and 3-
methyl glucose, glyccraldehycle and dihydro-
xy-acetone. 
1..1 RPX was (ouncl to be clcarly di(ferent 
üom UDP ga lactose (Leloir, 1951) ancl from 
the compo und found by Park & Johnson 
(19,19) aml Park (1950) in Staphylococcus 
aureus. The Rf values, both of the intact 
substa nces and o[ thc sugars obtainecl b y hy-
clrolysis, wer·e cliHcrent. 
The substance X was founcl to be un(er-
mcnta bic by baker's yeast a nd to give nega-
tive results in the foliowing tests: resorci-
nol for kctoses (Roe, 1 934) ; Elson & Morgan 
(1933) Ior ami no sugars, orcinol for pento-
ses Mejbaurn, 1939), ancl the test forme-
thyl pentoses (N icolet & Shinn , 1941). With 
the ani linephthalate reagent it gave a brow-
nish-yellow colour which on !y appearecl after 
prolong-ed hcating. 
EXPERniEi'<Tr\L 
M el hods. A nalyt ical methods and preprarations wc re 
as describecl in previous papcrs (Caputto et al. 1950) 
Glucose-2-phosphate was prepared [rom cliphenyl 
l :3:4:6-tetraacetyl-~-o-glur.ose-2 -phosphate (Farra r , 
1949) kindly supp liecl by i\frs K. R. Farrar. A sample 
of synthetic uriclinc-5' -phosphatc was obta ined [rom 
l)rof . . \. R. Todd. 
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The 'Slow Ester' was usually prepared b y paper 
chromatograph y of UDPG with ethanol-ammonia as 
so lvent. The position of the substance was rcvea lecl 
in a small part of the paper with anilin e phthalate ancl 
the ester was subsequently extracted with water. 
Pajxr chromotograjJhy. Descencling chromatography 
was uslllally cmployed , except when th e experiments 
were carried out in a thermostat. In these cases a more 
compact chamber similar to that described by Block 
(1950) was usecl in which the solvent travels first 
upwarcls ancl thcn downwards. 
Whatman paper no. 1 w>as cmployed throughout. 
For nuclcol ides aml phosphori c esters it was found 
convenient to wash the paper with 2N-acetic acicl (Hanes 
& l sherwood. 1 949). Usual y a pad of blo tting paper 
was staplecl at the encl of the strips, ancl the position 
Jf tbe substances was referrecl to appropriate substances 
such as glu cosc for sugars ancl adenosine for nncleo-
tides. The solvcnts usccl were: (a) 7-5 vol. of 9:) % 
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Di phosphopyrid in en ucl co tid e 0.21 0.32 
r\denosinctri phosphotc 0.07 
Xanthine 0.0 0.0 
Cuanine 0.0 0.0 
7:5; (b) sa mc as (a) but with M-a mmonium acc tate 
buffer of pH 3:8 rand (e) 7:.5 vol. o[ 95 % c th anol 
plus 3 vo l. of concentratcd ammonia. Witl1 so lvent 
(o) the nucleoticl es give valu es of Raclcnos ine below 
0:7, whilc the nucleo ticles give higher va lu es (Tab le 
3). The R 1 va1ues of nucleoticles vary with the pH 
o[ the so lvent (Magasa nik, Vischer, Donigcr, Elson 
& Chargaff, 1950) and with tcmperature. As shown 
in Fig. 6, th e changes with temperature lil re not para -
llel for all thc suhsta nres. 
1.4 
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FIG. 6. - l'aper cbrom aLOgra ph y of somc purin e and 
pyrimicline derivatives. Ethanol-klmmonium acctale 
w lvents. a, of pH 7:5, aiHI b, of pH 3:8 as dcscribe<l 
in text. 
Th c posiLIOn of ultra vio lct-absorbing substanccs was 
asccrtainecl by measuring th e ext inction at 26'0 m~ 
after impregn a tion of the paper with Jiquid paraffin. 
A standard Rec.kmann spectrophotometer was used 
with an accessory which a llowcd strips o[ pa pcr to 
be mn a long the photoccll entran ce (Lcloir & Pala-
dini, 195 1). 
Sugars and th eir cs ters were revealctl with aniline 
phthala te reagent ( l'artricl ge, 1949) . 
Libera /ion of jJh osj J/10./ e w ith fJh enyl !tydrazil1e. This 
procedure was clescribecl b y Deuticke & H ol1111ann 
(1939) for thc cstimation of fru ctosediphosphate. The 
anal ytica 1 proced ure has been m oclifiecl by Dr. C:ar-
dini as follows: 
R cagents: (o) G % (w / 1') phenylhyclrazine h ydro-
chloricle in water (clecolorizecl with charcoa l if neccs-
ary); (L>) saturated solutio n of socl ium aceta te; (r) 
sa turated Na,SO, . 
The samp1es and phosphate stand a rcl s in 0.5 ml. 
of wa ter plus 0.1 mi. of (a), 0.05 mi. of (b) nncl 
0.1 ml. of (e) were heatecl 30 min . in a boiling-water 
bath. After coo ling '0.75 mi. of 5 N-H ,SO ,, 0.75 mi. 
of 2.5 % ammonium molybdate and water to a total 
vol. 7.5 mi. wcre acldecl. Aftcr 10 min . thc optical 
d ensity was measurecl at 660 m~. Controls hca ted 
without pheny1hydrazine were run at the samc tim e. 
SUMi\IARY 
J. Purified prepara tions of uridine-dipho-
sphate-glucose (U DPG) were studiecl by pa-
per chromatography ancl founcl to be conta-
minated with uridyli c acid ancl a substance 
UDPX. 
2. The uriclylic acicl obtained by degrada-
tion of UDPG h as been identifiecl as uridi-
lle-5'-phospha t,e. 
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3. The alkaline clegradation products of 
UDPG are uridine-5' -phosphate and a cyclic 
phosphate ester of glucose, probably esteri-
fied at positions 1 and 2 of the glucose. This 
ester decomposes with acid or alka li giving 
glucose- 1-phosphate (25 %) and glucose-2-
phosphate (75 %) . 
4. The contaminating substance UDPX ap-
pears to have the same structure as UDPG 
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'1 HE BIOSYNTHESIS OF GLUCOSAMINE * 
BY L. F. LELOIR AND C. E. CARDINI 
Jnstitulo de Jn vr•stigacion es Bioquímicas, Fundación Campomar 
Juiitín Alvarez 1719, Buenos Aires, A·rgentina 
After the isola tion of uridine-diphosphate-
glucosc (UDPG) 1, a very similar compound 
(UDPG) containing acetylglucosamine. in-
stead of glucose was found in yeast 2. Consi-
dering the structural similarity of the two 
compounds and the coenzymic functiori of 
UDPG in the transformation of galactose-I-
phosphate into glucose-1-phosphate, it has 
bcen consiclered that UDPG might be invol-
ved in the metabolism of hexosamine pho-
sphates. Part of the plan of investigation con-
sisted in a search for enzymes in sorne orga-
nism with a high hexosamine metabolism. 
Since molcls should synthesize large amounts 
of glucosaminc in order to builcl their cell 
walls, which contain c.R-i:tin, experiments have 
been carriecl out with Neurospora crassa. 
V\Thile no in(ormation on a coenzymic func-
tion o( UDPG has been obtainecl severa! en-
zymes have been found. Besicles a chitinase, 
thc N eumspora cxtracts were founcl to con-
tain the enzymes requirecl for the following 
seq uen ce o( reactions: 
lyze thc trans(ormation of this substance into 
acetylglucosamine-6-phosphate, but no such 
activity could be cletectecl in rabbit muscle 
extracts. The interconversion o[ the acetylglu-
cosami ne phosphates is acelera tecl by gluco-
se-1,6-cliphosphate, a fact which bears a resem-
blance to its action on the mannose 3 ancl on 
the ribose-phosphates 4 . Further stuclies de-
signed to decide whether the phosphogluco-
mutase and phosphoacetylglucosaminemutase 
actions are due to one or two enzymes, and 
to clarify the mechanism of the stimulation 
by glucosediphosphate are being carried out. 
The synthesis of glucosamine-6-phosphate 
can also be brought about by a mechanism 
different from reaction a. Thus HARPUR AND 
QuASTEL5 discovcred that glucosamine is pho-
sphorylatecl by ATP in the presence of brain 
extracts, and [roro further studies by BROWN 6 
ancl GRANT A ' D LoNG 7, it has been conclu-
ded that the phosphorylation is catalysed by 
hexokinase and that the reaction product is 
glutamine 
~ 









Reaction a and sorne preliminary studies 
on reaction b will be dealt with in this pa-
per. As to reaction e, it has been detected by 
using synthetic acetylglucosamine-I-phospha-
te. N eurospom extracts were found tb cata-
• Thi s investigation was supported in part by a 
research grant (G-3442) from the National Institu-
Les of H calrh, Public Health Service ami by the Roc-
kefcll cr Found a lion. 
,¡, 
--~ acctylglucosa minc-r-phosphate 
e 
glucosamine-6-phosphate. It is difficult to 
decide whether this synthesis is a physiologi-
cal process or simply an unspecific effect. 
Similar events have been founcl to occur 
with galactosamine. Liver arre! yeast extracts 
containing galactokinase were found to pho-
sphorylate galactosamine to a product which 
appears to be galactosamine-I-phospate 8. In 
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this case, as with glucosamine, the correspon-
ding hexose inhibits the phosphory!ation of 
the hexosamine. 
The formation of glucosaminc by a pro-
cess such as reaction a would expla~n the re-
sults of TüPPER AND LIPTON 9 , who found that 
in Strcptococcus the glucosamine formed from 
glucose-I-14C contained nearly all the label 
in the 1-position. 
METHODS 
Analyt ica/. The following methocls were usecl: 
Bux10 for g!ucosamine. K UN ITZ ANO . McD?NALD :11 
for protcin. Glntamate was esti1~1atecl WJlh mnhydnn 
after paper chromatography w1th p_hen_olli2. Am 1de 
nitrogen by est.imation of the mn~1oma llbe~·ated after 
hea ting eleven minutes at 1009 m r N aod m. Am-
monia by d istillation i.n Conway units 14 and nessle-
rization. 
For the es timatíon of acetylgluco amine thc me-
thod of i\fORGAN ANO ELSON 15 was sJ íghtJ y mocJifiecJ 
in order to make it less sensítive to buffers ancl to 
reduce the time needecl (or coiour development. The 
p-climethyiamino benzalclehycle ( DAB) reagent was 
prepa.red by adding 0.5 g of DAB to lO ml of con-
centrated HCl ancl completíng lo 100 ml with glacial 
acetíc acicl . The <I nalytical procedure was as follows: 
the neutralyzed unknowns and standards containing 
O.l-0.5 ,umoles of acetyl gluc.osamin e were taiken to 0.5 
ml with water. After adcling 0.1 ml of rM sodium 
carbonate the tubes wcre heatecl 5 minutes in a boil-
ing water bath. After cooling 2.5 ml of th e..J)AB 
reagent were addecl and mixed immed iate iy with a 
suitably glass rocl. The optica l density at 544 m,u 
was measurecl after 3 to 5 minutes with a 13eckman 
spectrophotometer. The colour in creases cluring 2 
minutes and begins to decrease slowly after 3 minu-
tes. lf th e time eiapsing between lhe addition of the 
Di\.B reagent a n~i the colorimetric readi ng is equal in 
al! thc sa mpi es a good proportionality between con-
ccnlration of acetylglucosamine ancl optical cle nsity 
is obta ined. 
PrefJm·ation of the enzyme. A wild type Neurospora 
crnssa E-5297a was grown for thr,ee clays on "mini-
mal m ed itim" 16 at 309 und er forced aeration. The 
mycelium was separatecl by fiitration, wash cd with 
water, lyoph ylized ancl stored o ver calcium eh loricle 
in an evacuated dessiocator at .5\l. Extraclion of the 
dried mycelium was e((ected by homogenizing 0.8 g in 
16 mi of water at 09, fo11owecl by centrifugalion. The 
supernata nt containing about 40 mg of protein per 
ml is referred to as crude extract. 
Partial purification was carri ed out as follows: 6.5 
m! of acetone were •acldecl to 13 mi o[ the cr ude ex-
lract at 09. The inactive precipita le was centrifuged 
oCf at ü\l. To the supernatJant 3.9 mi of acetone were 
adclecl . The precipitale was separated by centrifuga-
tion , washecl three times with •acetone and clried in 
an evacua le cl clesiccator. Tbe yield was about 60 mg 
of a while powder. 
The fo rmation of "glucosamine'' was found to be 
greater in the presence of 8-h yd roxyq uinoline, and 
this fa ct was atlributed to protection of the enzyme 
from metal il1'activation. Therefore, 8- hyd roxyquino-
iinc was addcd to the acetone uscd in the purifi ca-
tion (a bout 1 O mg o/o ) and thc buffer (pH 6.5) u sed 
for dissoiving the enzyme was saturatecl with 8-hy-
clroxyquinoline. 
The enzyme in 'solution was found to lose activity 
in a few hours at 5\l and in a few clays at - J 09. 
The ratio: ,umoi es of glncosamine form ecl f mg pro-
tcin per hour, was about 0.04 for th e crucle enzyme 
and usuall y about 0.3 for th c acetone fra ct ionated 
enzyme. 
Acetylation experimenls. The enzyme prepa l' llÍOn 
usecl was a crucle ex traer which had been diairzed 
ilbout two hours against running water. The enzyme 
system was similar to that usecl by KAPLA N Ai':U LlP-
1\[AN N 1'/. The CoA solution was an aqueous ex tmct 
of rat livcr. ln every case contro is in whi ch the reac-
tion was sto ppccl at time = o were run simu itaneous-
ly. The reac.lion was stopped by imm ersing th e tubes 
in boiling water foiiowecl b y centrifugation. 
Acetylglucos;u11ine was estimatecl in th e superna-
mnt as clescribed above. In some cases the phospho-
ric esters were precipitated b y adcling 0.3 mi of 5 % 
zinc su iph a te and 0.3 N barium hydrox id e until thc 
suspension gave a rose co iour with phenoiphthalein. 
Th c fonnalion of "glucosamine". In cuba-
tion of hexose-6-phospbatc with glutamine 
ancl the enzyme gave rise to an in crease in 
the glutamine content. As shown in Fig. 1, 
hardly any increase took place when gluta-





F1 G. l . - - The formation of glucosami ne. lncubation 
at 30\l of 1 mg o( purifi ed enzyme and 0.05 ml of 
trishyclroxymetbylaminoethane acetate buffer of pH 
6.4 with substnates. Tota l volume, 0.2 ml. 
·curve 1, o ¡Lmo!es of hexose-6-phosphate 
+ 2 ,umoi es o( glutal11ine 
Curve 2, 2 ,umo les of h exose-6- pbosph.ate 
+ o ,umoies of glutamin e 
Curve 3, ,umoles of h exose-6-phospbate 
+ 5 ,umoles of gluta mine 
Curve 4, 4 ,u mol es of hexose-~-phospha te 
+ 2 ,umoles of g luta mine 
Curve 5, 4 ,umoles of hexose-6-•phosphate 
+ 5 ,urnolcs of glutamine 
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Thc results of an analysis of the chemical 
changes occurring during the reaction appear 
in TabJe l. The increase in ' 'glucosamine" 
was approximateJy equal to the cl ecrease in 
amide nitrogen of glutamine and to the in-
crease in glutamate. There occurrecl also a 
small increase in ammonia in the complete 
sys tem as well as in the controls without glu-
tamine. 
An experiment carried out at clifferent tem-
peratures appears in Table II. At 379 gluco-
sa min e formation was faster than a t 309 in 
the beginning, but slower afterwards. 
In m a ny cxperiments it was observed that 
the enzymc solutions became rapicll y inacti-
vatecl at room temperature. On the other 
hand, in the experiments of Fig. I the enzy-
me in th e presence of the substrates was still 
active a[ter 3 hours at 309. An experiment 
was thercfore carried out in order to ascer-
ta in which o f the substrates exerted a stabili-
zing action. Samples of the enzyme were pre-
incuba tecl 30 minutes at 309 with or without 
substrate, and then the enzyme system was 
completed . 
The glucosamine formecl in one hour was 
as follows (the amour{"t formed during prein-
cubat ion was subtracted) : 
Pre inCIIbated withoul subslrate 
Prein c.ubmed with glutamine 
Prein cuba ted with hexose-6-phosphale 





Thus both substra tes, ancl specially gluta-
mine, exertccl a considerable stabilizing act ion. 
Speci[icity. Glucose-6-phosphate could be 
replaced by fru ctose-6-phosphate, bu t not by 
an,y of th c fol!owing substances: m a ltose, glu-
cose, m annose, [ructose, fructose-r,6-clipho-
sphate, glucose-1,6-diphosphate, a-galactosc-1· 
phosphate, fructose-1-phospha te, glucose-2-
phosph a te, xylose-5-phosphate, dihydroxya-
ce tone o r glyceralclehyde. 
Thc enzymc preparation was [ound to con-
tain considera ble amounts of th c enzyrne 
which caui.Jyzes the interconvers ion o[ (ruc-
tose-6-phosphate into glucose-6-phosphate. 
The activity o[ this isomerase was estimatecl 
by m cas uring the di sa ppcarance of (ructose 
phosphatc with RoE's l8 method . .lt -..vas (ouncl 
tha t under the conditions u sed [or meas u ri ng· 
glucosami ne f ormation the equ ilibri u m va-
lues [or the glucose-fructose esters was at ta-
inecl in abont 5 minutes. Therefore, it has noL 
bcen possibl e to decide whether the reactant 
T .-\13LE 1 
llalance ex f>eri 111ent 
The al iquols of Lhe compl ete ~ystem taken [or analysis contai ned: 1,3 ¡.¡moles of g¡ u ~.1 -
mine, 1.3 ¡.¡moles of g lu cose-6-phosphate and 0.6 mg of purified enzyme and cit ralc buffer. 
pH 6.4. Tola! volum e, 0 .1 mi. In cuba ted 3 hou rs ~>Jt 30\'-
1'1 u glucosa- 1'1 mnirle 1'1 N flJ mine', 
Compl ete system 0.42 -0.39 0. 17 
No g lntamine 0.03 - 0.07 0.14 
~o h exose-6- phospha le 0.03 -0.04 o 22 
Tr\ 13LE TI 
Fonnntion of " g/urosamine" nt diffenmt te m fJemlw'es 
Comple te system as in Tab le l. R es ull s in ¡.¡moles. 
Titne o! incnbali.on ( minulc<~) 
T em/Jerafure 30 60 120 
249 0.08 0.20 
309 0.13 0.24 0.40 
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is glucose-6-phospha te or fructose -<6-phos-
phate. 
"Glucosamine" was formed when glucose-r-
phosphate was used instearl of hexose-6 phos-
pl1ate with the crude enzyme, but not with 
the purified preparations. Under the condi-
tions o[ the test and with the purified enzy-
me th e phosphoglucomutase activity was very 
weak. 
The substances which were tested with ne-
_gative results as possible substitutes for gluta-
mine were the following: asparagine, gluta-
mic and aspartic acids, arginine, putrescine, 
urea , ammonium acetate, alanine, glycine, 
butyramide, serine, cysteine, lysine, ornithi-
ne, valine, leucine and citrulline. Pairs such 
as ammonium salts with ATP, asparagine 
and glutamate, e tc. , also gave negative results. 
pH optimwn . As shown in Fig. 2, the re-
action has a sbarp pH optimum at pH 6.4-6.8. 
Sl7td)' of lh e "glucosamine" este r. 100 0 mo-
les eacb o[ glutamine and hcxosemonopho-
sphatc plus 50 mg of enzyme in 10 mi of 0.025 
.M tris-acetatc bulüer (pH 6.4) were incu-
bated 3 hours at 309. The proteins were re-
m ovfd b y heat coagulation . Barium ace.t.a.te 
-was a'lldetl to the clear liquicl and the pH 
""a' adjusted to 8. Thc mixture was centri-
fuged ancl th c precipitare was washed twice 
Flc. . 2. - pi-I optimum curve. System composccl oE 
:? !'moles each o[ hexose-6-phosphate plus l mg¡ oE 
euzym e and 0.1 ml oE 0.1 M phosphate or trishyclro-
xymcth ylaminoethan e arctatc buEferSI. Incubatccl 2 
hours at 309. The pH was cleterminecl on aliquots 
wi Lh a glass electrocle. 
with l ml o[ water. TI-.ree volumes of etha-
nol were adcled to the pooled supernatants. 
The precipitare was red issolved in lO ml of 
water, a small pre<;:ipitate ccntrifugecl off and 
threc vol umes of ethanol were again added. 
The precipitare was then dried with ethanol 
and ether. Yield, 20 mg. These were dissol-
ved in 2 ml of water. The solution contained 
41 0 moles of tota l phosphate, 36 0 moles of 
reducing substance calculated as glucose, and 
5.5 0 moles of "glucosamine". Direct papcr 
chromatography of this ester mixture in dif-
ferent solvents gave irregular results, so that 
it was decided to remove the phosphate group. 
0.5 m! of the above solution was made 
0.01 M in respect to Mg + 2 , and 10 mg of a 
kidney phosphatase prcparation ancl a drop 
of toluene were added. After 16 hours at 379, 
about 70 % of the phosphate was hydrolysed. 
The mixture was then deproteinizecl with 
trichloroacetic acid, washed with ether and 
used for paper chromatography. A sample o( 
glucosamine-6-phosphate was run simulta-
neously. One of the solvents usecl was a mix-
ture o[ ethyl acetate-pyricline-ammonia 2 with 
which it is possible to separare glucosamine 
from galactosamine. The other solvent was 
phenol-water 19 with ammonia. Phenol with-
out ammonia was used with paper which 
hacl been immerscd in 0.1 M zinc sulphate 
and clried in air. This procedure was basecl 
on a previous observation which disclosed 
that zinc ions greatly retarcl the migration 
of hexosamines but only have a small influen-
ce on others sugars. It was also observed that 
with an alkaline solvent there was no retar-
dation by zinc ions. 
The results of the chromatography are 
shown in Table III. The ex-ester sugar mix-
ture gave spots which migrated like glucose 
and glucosamine. The position o( the sub-
stances was revealecl with the aniline phtha-
late reagent ~3 , and that of hexosamines was 
checkecl with the modified ELSON AND MoR-
CAN reagent 19_ Besicles glucose and glucosa-
ri1ine, the ex-ester mixture contained small 
amounts of another hexose which migrated 
like mannose. In some cases a very faint spot 
with the R-glucose value of fructose was ob-
served. The presence of these sugars is not 
surprising since the sample of hexose-(3-pho-
sphate usecl was obtainecl by the action of 
yeast enzymes. 
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TABLE lH 
Pa¡Jer chromalogmphy of the "glncosamine" esler afler trealment wilh phosphatase 
Ex-"glu cosam in e" es ter 
Ex-glucosilmine-6-phosphatc" 
Glucosan1inc 



















* l'reparcd Erom glucosa min e with A TP ancl hexoki111ase 6. 
Phenol-SO ,z 
treated Pat;er 







Aretyla tion. As shown in Table IV, New·o-
spom extracts, when suitably supplemented 
are able to bring about the acetylation o[ 
glucosamine. These extracts are a lso able to 
catalyze the phosphorylation of glucosamine 
(Table V) and contain phosphatase. The 
result o( the act ion of this set of enzymes is 
tha t starti ng wi th free gl ucosamin e or wi th 
glu cosamine-6-pho,ph atc, the rcaction pro-
ducts are similar. Most of the acetylglucosa-
mine appears free anda part precipitates with 
zinc suplphate-barium hydroxide as would 
acetylglu c;:osamine phosphate (Table VI). If 
ace tylglucosamine phosphate was formed, it 
could not havc arisen by phosphorylation 
o[ ace tylglucosamine, since this process is not 
catalyzed by the extracts (Table V). There-
fore, it seems logical to conduele that gl uco-
TABLE IV 
Th e arelylation of glucosamine 
Co mpl c le system: 2 ¡llnolcs of glucosa mine , 4 ¡.¡moles of ATP, 0.065 ml o[ l M soclium 
acetate, O.O:'í mi of 0.1 M cyste ine, ü.05 mi o[ 0.2 M socli um citrate of pH 7, 0.1 mi of CoA 
solution , 0.05 ml of 0.1 M magncsium chloride and ü.2 mi of crucle dialyzed enzyme. Final 
volumc, 0.7 mi. In cubat ion 2 hours at 37<>. 
Com pie te sys tcm 











The jlhosjJhorylalion of glucosamin e 
Complete svstem as in Tablc llT , but without CoA. The cliHercnce in glu cmJamine or 
acety lglucosJ min e content be twcen samp les incubated with and without ATP was considercd 
to be duc lO phosphory lation . T h e cst imations wcrc carl'ied out a[ter precipitation of pro-
tcins ami p'hosphoric csters with zinc su lphate and b<arium hyclroxide. 
Subst rale 
Glucosam !ne 
Acety lg lu cosami nc 
/.L moles of subslrale /Jhosj; liorylat ed 
:\lo Mg ++ 
0.8 
o 
With ,\fg ++ 
l.SQ 
ü 
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TARLE VI 
The acetylalion of glucosantine p!wsjJlwte 
Comple te system as in Table Jll. Thc acetylglucosaminc content of the supcrnatants 
after zinc sulphate-barium hydroxide precipitation was consid cred as free acetylglucosaminc. 
Suhstralt• Time of incuba/ion /.Lm olrs of aretylglucosamine formnl 
( minult•s) Total Frt>e 
C lusmam in c 30 0.26 o. 18 
GO 0.40 0.28 
120 0.38 0.25 
(; lu c.osa m i uc-G-p hosp hatc 120 0 .60 0.49 
TAI3LE VH 
Tit e acetylation of lhe "glncosamine" esler 
The "glucosaminc" ester was obtained by in cubation during 3 hours at 309 of 2 ¡.<moles 
each of glutamine ancl h exose-6-phosphate with the purifiecl cn zyme. The controls contained 
the same substances plus glucosamine (0.5 ¡.<moles) or glucosamine-6-phosphatc (1 ¡.<mo l), 
antl the r caction was stopped a t ·t = o. The acetylating systcm describecl in Tablc III wa > 
then adcled . 
"Giucosan1inc'' cstcr 
Control with gluco~a min c 
/.L molt·s of acely/Jdu ro.\flllli ll e fvrmt•d 
Control with g lucosa mi nc'G- ph osp hatc 
0 .21 
0.20 
0 . 31 
ami ne-6-ph osph ate ca n be acetylated directly 
to acetylglucosamine phosphate. 
Ta ble VII shows the resulLs of the action 
o[ the ace tyl ating system on the "glucosami-
ne" ester for med from h exose phosphate ancl 
gl utamin c. This substance gave rise to ace tyl-
g lucosamine, as did glucosaminc or glucosa-
mine-6-phospha te. 
Drscuss1oN 
The subs ta nce Jormed from hexose-6-pho-
sphate ancl glutam ine gives the ELSON AND 
MoRGAN and DtSCHE 21 reactions for hexosa-
mines. It can be preparecl as the barium salt 
adm ixcd with h exosemonophosphates. It be-
haves like glucosamine-6-phosphate when in-
cubatecl with the acetylating system of Neu-
rospora, and a [ter cl ephosphorylation with 
phosphatase glu cosamine ca n be iclentificcl by 
papcr chroma tography with selected solvents. 
All this is considerecl as eviclence proving 
that the produ ct is glucosamine phosphate. 
The ester gives positive reactions for hexosa-
min es, so th a t a 1-ester ca n be excl udcd, a ncl 
since a migration of the phosphate du ri ng the 
r eaction appears unlikely, the product should 
be glucosamine-6-phosphate. 
N o evidence for the n eccssity of a cofactor 
for the forma tion of glucosamine phosphate 
was obtainecl. Thus, no stimulation was ob-
tained by the addition of different ions, ATP, 
pyridoxal phosphate, UDPAG, etc. T he me-
chanism of the reaction cannot b e discussed 
until it is decided whether the reactant i> 
Iructose-6- or glucose-6-phosphate, In order 
to sett le this point it will be necessary to ob-
ta in enzyme preparat ions free from isome-
rase. 
Further investigation will also be neccssary 
in orcler to decide whether the acetylation 
su~p takes place on Jree glucosamin e, on glu-
cosa mine-6-phosphate or on both. In connec-
tion with this point, it may be mentioned that 
CHou AND SoonAK 22 extrated an enzyme from 
pigeon liver which catalyzecl the acetyla tion 
of free glucosamine ancl galactosamine,. bu t 
that the correspondí ng phosph ates were not 
tes ted. 
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SUi\IMARY 
r\ partial ly purified e n zyme has been prepared from 
N curospora crassa which catalyzes the fonnation of 
glucosamine phosphate from hexose-6-phosphate and 
glutamine. The glucommine phosphate was idehti-
tied by colour reactions, by dephosphorylation and 
papcr chromatography ami by its behaviour Lowarcis 
an aceL ylaling systen1. 
Quanlitative analysis of amide nitrogen , glutama-
tc, ancl hcxosamine agrecd with the following equa-
tion: 
Hexme-6-phosphate + glutam'ine ___,. glu co~nmi­
ne-6-phosph>atc + g lutam ate. 
Crude Neuros¡Jora extracts were found to phos-
phorylatc glucosamine in the presence of ATP and, 
when suitably supplemented , Lo acctylate g lucosamin(' 
·Or g·lu cosamine phosphalc. 
Les a utcurs out préparé et particllement purifié . 
il partir de NeurosjJOra crassa, un enzyme qu1 cata -
Jysc la format ion de g lu cosam in e phosphate á partir 
d ' hexose-6-phosphate et de gluta min e. Le g lu cosami-
nephosphate a été identi[ié par ses réaction colorées, 
par la d(·phosphory lation, par la chromalograph ie sm 
papier el par son comporrcmcnt en présence d'un 
·sysli·m c acéty lanl'. 
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ENZYMIC PHOSPHORYLATION OF GALACTOSAMINE 
AND GALACTOSE 1 
BY C. E. CARDlNI AND L. F. LELOIR 
lnsliluto de luvestigaciones Bioquímicas, Fundación Camj1omar 
Iulián A Lvarez 1719, Buenos Aires, A1·gentina 
lNTRODUCTIO 
Harpur and Quastel 1 observed that glu-
cosamine is phosphorylated on incubation 
with brain extracts and adenosine triphospha-
te (ATP), and that glucose acts as a compe-
lltlve inhibitor. From further study by 
Brown 2 and by Grant and Long 3 of this 
phosphorylation, using purified yeast hexo-
kinase, it has been concluded that glucose 
and glucosamine phosphorylation are cataly-
zcd by the same enzyme. 
In the cours-e of studies on hexosamine me-
Labolism, it was observed that crude extracts 
of liver, and also of b-min, catalyze a transfe-
rence of phosphate from A TP to galactosa-
mine. After partial purification of the liver 
cnzyme, the phosphorylation of galactose 
coulcl be clearly detected. The latter process 
i~ difficult to stucly with crude extracts, but 
a small activity hacl been reported by Ba-
cila 4 . 
An extract contammg an enzyme cataly-
zing the phosphorylation of galactose (ga-
lactokinase) can be obtained from yeast 5-6 and 
is more active than that of animal tissues. 
Therdore, it was tested with galactosamine 
as substrate. Phosphorylation was found to 
take place, ancl the extracts of yeast adaptecl 
to galactose were founcl to be more active 
than those Irom nonadaptecl yeast. 
ExPERIMENTAL . 
Liver Enzyme 
An adult rat was fasted for 36-48 hr. The livcr 
1 This investigation was supportecl in pan b y a 
research grant (G-3442) from the 1ational lnstitute.o 
o[ Health , U. S. Public Health Service; ancl by the 
Rocke feller Founclation. 
(about O g.) was washecl with ice water ancl homo-
genized in 2 vol. of 1 % potJassium chloricle. The ho-
mogenate was then centrifugecl in the cold for 15-
20 min. at J5 ,ú00 r.p.m. The supernatant was filtcrccl 
through cotton wool to remove the floating fauy ma· 
terial. HalE a volume of saturatecl ammonium sulfa•·r: 
solution was addecl, ancl the mixture was ccntrifugCl! 
<1ncl filterecl as in the previous step. Half a volume 
of saturatecl ammonium sulfate was again added te, 
thc supernatant, and after c.entrifugation the preci-
pitare was dissolved in 1.5 mi. of distilled water ano 
dialyzed for about 2 hr. in the colcl. Thc protein 
content of th ese extracts was about 70-80 mg. Jml. 
Extracts from nonfasted rats could be usccl for 
measuring galactosamine phosphorylation, but not for 
that of gnlactose because a considerable amount of 
r eclucing substances was liberatecl during incubation. 
After fasting, this blank was greatly reducecl or sup-
pressecl in some cases. 
Brain Enzyme 
Rat brains wcre bomogenized in JO \ '01. of cold 
acetonc. After washing with klcetone ancl ether, thc 
cxtract was allowed to dry at room temperature. The 
dry powcler (500 mg.) was homogenized in 3 mi. o[ 
0.06 M disoclium phosphate. After 30 min . in the 
cold, the mixture was centrifuged and thc precipi-
ta te rej ected. 
Yeast Enzyme 
Saccharomyces fragilis was grown in ymst exlrac.l· 
agar containing 2 o/o glucose or lactose . The cells were 
harvestecl after 48 hr. at 309, washed, extended in 2 
mm. la yers, ancl allowecl to clry in air. Aftcr 3-4 di!ys. 
the dry material was extractecl at 59 as ·clescribccl by 
Xeuberg ancl Lusi ng (7). The protein content was 
then acljustecl to about 70 mg.Jml. 
Substrates 
Galactorumine wa s prcpared as clescribccl by Le-
venc (8) from hogs' nasal septa. Adenosine triphos-
pllate was obtainccl accorcling to Needham (9) . 
Analytical Methods 
Galactosamine was estimat.cd by th c m ethod of 
Elson and Morg<m as clescribed by Blix ( lO). Other 
m ethocls were as follows; Roe (11) for fTuctose; Fis· 
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k(' a nd SubbaRow (12) for phosphate; Kunitz and 
.\lcDonald (13) for protein; Somogyi (14) and el-
son ( 15) for reducing sugars. The a mount of sugar 
phosphory latcd was measurcd by prccipitating tb e 
protcins •.tnd phosphoric cstc rs with 0.3 N barium 
hydroxid c ancl 5 o/o zinc suHatc (5, 14). Either 0 .~ 
or CH mi. of each solution was uscd for thc test sys-
tcnt a~; dcscribed in Table l. The differenc.e in free 
sugar bctwcen the incubated and nonincubated sam-
plcs was consklered Lo be due to phosphorylation. 
1\l ,mks without aclclcd sugar or ATP werc run in 
~· o m e ca ~<.:s. 
.\n alicmative methocl was used in thc cxperi-
mcnt shown in Fig. 3. In this case the formation of 
galattosaminc esterifiecl was nwasured instead of the 
disappearancc of free galactosamine. The phospho-
t ic cs tcrs wcre precipitated with zinc sulfate ancl ba-
rium hyd roxidc, the precipitare was washcd , a ncl 
then thc galactosamine phosphate was h yclrolyzecl 
wilh acid and the galactosam in e was estimatecl as 
usu•.t l. This proceclure is more laborious than tbe 
other and can only be applied when thc reaction 
prod uct is thc 1-cster, but it h as the advantage that 
1t ca n be usccl even with high sugar concentrat ions. 
Thc tl e tai ls were as fo llows: The reaction mix-
ture 1\"as as shown in Fig. 3. J\ blank with no subs-
tr<lles a nd another without incubations werc run at 
th c samc time. The reaction was stopped by adding 
(J ~ mi. cac~h of . zinc su lfate and barium hyclroxide . 
. \f1 er C'CI~tn(ugatwn , the precipitatc was Einc ly sus-
pended m 0.5 mi. of " oater ancl centrifuged . After 
repea tlllg the washing three times, thc prccipitate 
~vac rcsuspcncled m 0.2 mi. of water plus O.l ml. of 
:>N su lfun c aCle!. The mixtur·e was heatecl for 15 
111111. at 1009 coo1ecl and ne utr.a lizcd with soclium 
hplroxidc. Then ú.1 mi. each of barium h ydrolU.cle 
~ncl.. 7tn c su lfa_tc was aclclccl. After mixing and centri -
fuglllg. a n. altquot of the supernatant was takcn for 
tite analys1s of hcxosamine. 
RES ULTS 
Phosphorylation by LiveT Exlmcts 
Thc phosphorylation of galactosamine 
cou ld be regularly observed with crude liver 
h omoge nates prepared in water or saline so-
lut ion. The activity of the supernatants ob-
tai ned by high-speecl centrifugation was still 
greater than that of the whole homogenates. 
Aftcr a few hours at room temperature the 
activity disappeared completely_ At 109 the 
crude or purified extracts became inactive 
after 3 4 days. Adclition of cysteine did not 
arrect the activity. 
As shown in Table I, the purified extracts 
ca talyze the phosphorylation of galactose and 
ga lactosamine to an equal extent and also 
that o( fructose. The action on glucose is 
~ :nall and decreases with longer times of in-
e ubation , probably owing to the action of 
pbosphatase. A weak action on glucosamine 
' ':;! s a \so det·ected. Tests for other enzymes 
in thcse extracts revealed a ~eak phosphoglu-
comu tase and glucose-6- phosphatase, and no 
ac tion on galactose 1-phosphate, even after 
the adclition of uridine diphosphate glucose 
(UDPG) 116. 
The pH optimum curves for the phospho-
rylation of galactose ancl galactosamine ap-
pear in Fig. l . The galactose curve shows a 
sbarp peak at pH 7.7, while the galactosa-
mine curve shows a broad maximum at pH 
7.7 whilé the galactosamine curve shows a 
broad maximum at pH 7.3. The curve for the 
optimum concentration of magnesium ions 
appears in Fig. 2. The curves obtaincd with 
or without fluoricle are nearly equal. Maxi-
mal activity was obtained at about 0.01 M 
concen tration. 
Crossed lnhib ition with lhe 
Liver Enzyme 
An experimen t on the phosphorylation of 
galactose ancl galactosamine mixtures is shown 
in Table JI. For comparison, the phosphory-
lation o( [ructose, which is known to be ca-
talyzed by a specific enzyme 17-·19, was also 
stuclied. Estimations of fructose and galacto-
samine were carried out by the resorcinol ancl 
Elson-Morgan methods, respectively, ancl tho-
se of galactose by copper reduction and by 
clifference in the mixed-sugar tests. Therdo-
rc, the results were very accurate. 
TABLE 1 
Phosphorylation by Purified Liver Extracts 
Incuba tion at 379 of ú.5 ¡¡mole sugar, 2 ¡¡moles 
ATP and 0.1 mi. of 0.1 M clisoclium phosphate. 
Magt~esium and fluoricl e ions at 0.01 M and 0.0~ 
M final con centration, respectively; 0.05 ml. of pun-






Pcr ccnt of sugar phosphorylatcd 
Time of incubation, min. 
JO 20 4ú 60 120 
43 04 73 81 25~ 
44 68 83 84 12'!-
4:'í 90 
29 2ú 
a " ' ith 0.2 ml. of brain ex tra ct instcad of Jivcr 
cnzym e. 





l~ rc . l . - pH curve witb thc liver enzyme: 0.5 ¡;mole 
sugar, 2 ¡;moles ATP, 0.05 mi. enzyme, 0.10 mi. phos-
phate, 0.1 M; MgC12 ancl N•aF in final mncentration 
of 0.01 ;mcl 0.05 M, respectively. Fina l volume, 0.30 mi. 
The pH was cleterminccl aliquots with glass e1ectrocle; 
30 min. at 379. 
The results in Table II show that the rates 
o[ phosphorylation of lructose and galactosa-
mine were approximately equal when the 
sugars were incubated separately or in mixtu-
res. In the galactose-ga1aétosamine mixtures, 
phosphorylation was clcarly slower than in the 
single-sugar experiments. The inhibition of 
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1'10LAI< CO/'IC[/'ITRAT/ON OF f1R + + 
Frc. 2. - The effects of Mg + + concentration on 
the liver enzyme: 0.5 ¡;mole galactosamine, 2 ¡;moles 
,\ TP, 0.025 mi. of Liver enzyme. Fina l vol u me, 0.20 m l. ; 
30 min . rat 379. Lower curve with 0.03 M fluoride; 
uppcr curve: no Elu oride. 
TABLE II 
Phosj;/10ryation of Sugar Mixtures by lhe 
LiveT Euzyme 
Inc.ubat'on at 379 of l ¡;mole sugar, 4 ¡;moles 
ATP, 0.1 mi. of purified enzy me, ancl O.l mi. of 0.1 M 
phosphate buffer of pH 7.2. Magnesium and fluoride 
ions at 0.0 1 M ancl 0.05 M final concentration, res-
pective! y. Final vo lume, 0.45 m!. The test with sugar 
mixtures conlainecl 0.5 ¡;mol e of each sugar. 
Pcr ce nt phosphorylatiOJl 
Sugars by thcmsclves Mixcd sugars 
Time of incubat ion , m in 15 30 1,') 30 
Galacto,amine 42 64 30 62 
Fructose 42 62 42 55 
Galac.Losamine 43 72 o o 
Galactose 30 43 20 30 
which is very marked, can be observed also in 
Fig. 3. Galactosamine phosphorylation was 
completely inhibitecl when the ratio of galac 
tosamine to galactose was lower than about 4. 
On increasing the ra:dio to about 8, sorne 
galactosamine was phosphorylated, but the 
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Frr.. 3. - Ga lactosamine concentrat ion cu rve ancl 
thc inhibition by galactose 0.25 ¡;mole galactose, 0.25-
40 ¡tmoles gal<actosamine, 2 ¡;moles ATP 0.05 ml of 
liver enzyme MgCl, rancl NaF in 0.01 M a ncl 0.05 M 
respectively, final concentralion; 30 min. at 379. To-
tal volu me, 0.3 mi. 
Phosphorilation by Extracts 
fmm Other Organs 
The action of brain extracts on both ga-
lactosamine and galactose was found to be 
weak but reproducible, especially in the case 
of galactosamine. The effect on galactose was 
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only detectecl in tests carried out at a pH 
7.7. The results shown in Table I were ob-
ta in ed with a n ex tract of brain driccl with 
acetone. With homogenates the resuls were 
irregular. No activity on galactosamine could 
be detected with extracts of kidney or intesti-
nal mucosa. 
Phosphorylation with Yeast Extracts 
Extracts of brewer's yeas t whid. do not ca-
talyze galactose phosphorylation at a detecta-
ble rate, were founcl to be clevoicl of action on 
galactosamine, whereas extracts of S. fragili's, 
whid1 contain galactokinase were founcl to ca-
talyze also galactosamine phosphorylation. An 
experiment was carriecl out in which cxtracts 
preparecl from. S. fragilis grown in glucose or 
in lactase were comparecl in respect to their 
kinase activity. These results are shown in 
Table III. Galactokinase activity was nearly 
20-folcl greater in the extract from the lac-
tose-grown cells, as comparecl with that ob-
tained from cells grown on glucose. The acti-
vity on galactosamine was also greater in ex-
tracts from lactose-grown cells. Accurate values 
for the ratio of activity on galactose and ga-
lactosamin e in the two types of extracts coulcl 
not be obtainecl owing to the low activity_in 
the extract from glucose grown cells. 
The R eaction Pwduct 
Prcliminary infonnation on the typc of ester 
formed was obtainecl from an experiment in 
which the reaction mixture was deproteini-
zed whit trichloroacetic acicl instead o[ zinc 
wlfate-barium hydroxi :le. The former rea-
gent does no precipitare phosphoric esters as 
cloes the latter. Therefore, if the reducing 
group of the reaction products were blocked, 
the same decrease in amino sugar should be 
obtained with both procedures. This was 
found to be the case. Moreover, as shown in 
T able IV, after acid h ydrolysis of the trichlo-
roacetic acid filtrate , most of the amino sugar 
was set free. 
TABLE IV 
Acid H yd1·olysis of the Fi11al Reaction Mi xture 
\ 
In cubation at 379 for 30 min. of 2 ¡Lmo lcs galac-
tosam ine, 10 ¡Lmoles ATP, 0.05 mi. o[ ü.9 M sod ium 
[luoricle, 0.08 mi. of 0.1 M magnesium c.hloride, ancl 
0.2 mi. of purifiecl Ji ver enzyme. Final vol u me, 0,7 mi. 
Dcproteinization with 20 % trichloroacetic ac id fol-
low·ed by esti mation of g.a la.ctosamine befare ami after 
h ydrolysis with 1 N hyclrochloric acid at 1000 for 
15 min. 
T ime of Galactosamine percentage 
incubation No hyd rolysis H ydro lizcd 
m;n. o/o o/o 
o 100 95 
30 28 88 
Nearly pure preparations of the reaction 
product were obtained from larger-scale ex-
periments in which the sugar esters were pu-
rifiecl by precipita tion of the barium salts with 
ethanol and by removal of aclenosine phos-
phates with mercuric nitra te. The procedure 
was essentially as describecl by Brown 2 . The 
TABLE III 
Phosphorylation wi tlt Extracts of Saccharomyces 
f'ragilis 
Incubation at 379 of 0.5 JLIDOle sugar. 2 JLIDOle ATP, Mg+.+ at 0.01 M fi nal concentration, ancl extractcd 
of S. fragilis grown on lactose or on glu cose. Finkl l vol ume, 0.15 mi. Both enzyme solutions contained the 
same concentration of protein. 
Sugar in Times of lncubaLion , 
gtowth Enzyme Amottn t m in. 
mcdium dilution Of CllZ)' II"' C Substrate 10 20 30 Activity • 
J\fi cromoles of sugar 
m/. phosphorylated 
Lactosc Non e 0.01 Galactosamine 0 .035 0.09 0.22 0.75 
Lactase l f5 0 0.03 Galactose 0.32 0.39 0.46 53 
Lactose l f50 0 0.05 G lucose 0 .25 0.31 0.5 250 
Glu cose Non-e 0.01 Galactosa m in e 0.045 0.045 0.06 0.2 
Glucose 1 f50 0.03 Galactose 0.035 0.035 0.05 2.8 
Glucose 1 f30ü 0.05 Glu cose 0.35 0.5 0.5 350 
·~ Expres~ed in micromoles phosphoryla ted f m:n. j ml. of undiluted enzyme 
solution. 
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Fig. 4. - Hydrolysis curve o[ lhe gal1actosamine es· 
ter . Liberation of. phosphate aftcr heating at lOOQ in 
a cid. GAMP: galactosamine eslcr. GAP: galactose J · 
phosphate. 
p10duct thus obtained from galactosamine 
using the liver enzyme contained no inorga· 
nic phosphate ancl gave no Elson-Morgan reac-
tion. After hydrolysis in 1 N acicl at 1009 for 
15 min., equal amounts of phosphate and 
amino sugar were set free. 
The product obtained from galactose using 
the liver enzyme was nonreducing ancl gave 
by a cid hyclrolysis equal3;noun ts of phospha-
tt: and reducing sugar. Thus it appears to be 
galactose 1-phosphate. 
Products with the same properties were ob-
tainecl using extracts of S. fmgilis. Since smal-
lcr amounts of enzyme were requirecl, less 
cxtraneous material was introclucecl, and the 
products were purer. The acicl hyclrolysis curve 
of the galactosamine ester is shown in Fig. 4. 
The same results were obtained by estimating 
phosphate or galactosamine. 
The hyclrolysis of the galactosamine ester 
is much slower than that of the galactose ester 
Even in 1 N acid it cloes not reach the rate 
obtainccl with galactose phosphate in 0.1 N 
acicl. 
DISCUSSION 
The problem of whether galactosamine 
pl:.osphorylation is brought about by galac-
LOkinase or by a specific enzyme cannot be 
answerecl with certainty, although the evi-
clence is in favor of a single enzyme. With the 
liver enzyme there is crossecl inhibition, the 
relative activities are approximately equal in 
clifferent samples of liver, ancl both activities 
disappear on storage at about the same rate. 
, M oreover, the phosphate gro u p appears to be 
in troducecl in the 1-position in both cases. The 
pH-optimum curves are clifferent, but this does 
not prove that two enzymes are involved. 
'il\'ith the liver enzyme both activities are ap-
proximately equal at pH 7.5, whereas with 
the S. fragilis enzyme, the activity on galac-
tose is higher than on galactosamine. 
In S. fmgilis the galactosamine activity in-
creases during growth on a galactose-contain-
ing medium (lactose), but even this is no 
proof for a single enzyme, since in other or· 
ganisms it has been found that substances clif. 
ferent from the substrate may injuce the for-
mation of the. enzyme 20 . 
If it is accepted that galactosamine phos-
phorylation is cata!yzed by galactokinase, the 
results would be o( interest because the mea-
suremen t of galactosa mine phosphoryla tion 
wouJcl give an estímate of galactokinase acti-
vi ty. This estímate cannot he obtainecl with 
galactose in crucle liver extracts owing to the 
interference by other reclucing substances. 
Since there is no such interference when using 
gaJactosarnine, it would be possible to com-
pare the galactokinase activity of liver sam-
ples in cas-es whcre galactose metabolim is 
impairecl, such as in galactosemia. 
A point o( in terest in relation to galacto-
samine 1-phosphate is ils resistance to acid 
hydrolysis. Such a r esistance has been observ-
ed in glucosaminicles [see Rcf. (21) for a 
discussion of this]. 
Su.MMARY 
The transfer of phosphate from adenosine 
triphosphate to galactosamine was founcl to 
be catalyzecl by a liver enzyme. On thc basis 
of the parallel clistribution ancl from cros,ecl 
inhibition experiments it is suggestecl that en-
zyme may be galactokinase. 
The optimum conclitions for activity ancl 
a method for partía l purifica tion are cles-
cribecl. 
Phosphorylation of galactosamine ancl o[ 
galactose was also found to be catalyzed by 
lOO CARD !N l, LELOIR 
extracts from brain tissue ancl from a lactase 
yeast (Sacclwromyces fragilis) . Extracts from 
cells of the latter grown Jactose, which cells 
contain more ga lactok inase, were found to 
have higher activity on galactosaminc. 
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URIDINE DIPHOSPHATE ACETYLGLUCOSAMINE * 
Bv E. CABm, L. F. LELOIR AND C. E. CARDINI 
lu slil ut o de Invest igaciones Bioquímicas, Fundación Campomar 
]11/idn A lvarez 1719, Buenos Aires, A 1·gentina 
Studies on partially purified prepara tions 
of uridine diphosphate glucose (1, 2) obtai-
necl from yeas t revealed thc presence of a 
similar coinpound containing a different su-
gar moiety (3) . In the course of a systematic 
sLUdy on yeast nucleotides this substance, 
previously referrecl to as U DPX and now as 
UDPAG 1, was obtained in larger amounts. 
The properties of th e sugar moiety are those 
of acetylglucosamine, and therdore UDPAG 
is closely relatecl to the compounds founcl by 
Park (4) in th e cellS of Stnphylococcus aureus 
treated with penicillin, which contain uridi -
ne-5'-pyrophosphate combined with an uni-
clentifiecl amino sugar clerivativc. 
Sepamtio n of Yeast Nvcleotides 
A nucleoücle mixtu re obtainecl from yeas t 
by extraction with 50 per cent ethanol , follo-
wed by preci pitation with mercuric chloricl c 
ancl treatment with hydrogen sulfide, was run 
through an a nion exchang·e resin (Dowex l ) 
ancl eluted with solutions of dee~·eas ing pH 
<1 ncl i ncreas ing ch1oride caneen tration, follo-
wing the proceclure cleschibecl by Cohn 5 . The 
fractions correspond i ng to ea eh peak were 
passed through small charcoal columns ancl 
* T hi s inves ti gat ion was supported in part by a 
resea rch grant (G-3442) [rom the National Institutes oE 
1-fea lth , U nit cd Sales Public H ealth Service, and by 
the Rockcfeller Founclation. 
A prcliminary report h as been p ublishecl (Ciencia e 
Tn vesligación (Buenos Ah·es), 8, 469 (1952) . 
1 Th e following abbreviations will be uscd : U DI'G 
for uridin e cliphosphate glucose; UDPAG for uriclin e 
disphophkl te ace tylg lu cosamin e. UDP for uricline dis-
phophale. U.\1P fo r uridine monophosphate, ADP for 
adcnosinediphosphate, AMP for adenosinemonophos-
phatc, ])['0.' for diphosphopvridine nud eotide. 
the substan ces were subsequently eluted with 
ethanol-ammonia. The concentratecl solutions 
thus ob tain ccl were analyzecl so that the sub -
tances corresponcling to each peak coulcl be 
tcntatively identifiecl. The results appear in 
Fig. 1 and Table I. 
It is interestin g- that severa! uridine com-
pounds wer-e Iound. One of them coulcl not 
be identifi ed and th e o thers were U¡\[P-5', 
UDPG, and UDPAG. In view of the relati-
vcly Jarg-e amount of UDPAG which coulcl 
be obtained free from UDPG, most of thc 
-efl'orts were concentrated on the former subs-
tance. For this purpose a simplifiecl schemc 
o[ e:uLion from th e resin was employecl ancl, 
a fter <1clsorption on charcoa 1 ancl evapora tion 
under reduced pressure, the substance was 
fractionally precipitatecl as the calcium salt 
with ethanol. 
The amount of U DPAG \Obtained from fresh 
bakers' yeas t was variable abou t 200 micromo-
les per kilo in one experiment ancl 50 p.M in 
the others. Thc ratio UDPAG to UDPG in 
the extract before purifica tion by anion ex-
change was about 2, except for some samples 
o [ toluene-treatccl yeast (1, 2) in wich it was 
0.3 or lower. 
Iden tificalion of Sugar Moiety 
UDPAG liberares by mild acicl hydrolysis a 
substance with abou t half the reclucing powcr 
o [ glucose (assuming 1 molecule of the subs-
t;once per molecule of uridine) (3). 
T his substance was fouml to give a posi-
Li ve reaction for acetylhexosami nes, ancl thc-
refore the statemen t con tainecl in a previous 
paper (3) on th e negative Elson a ncl 1vforgan 
reac tion was erroneoüs. The a bsorption spec-
tra of the sugar moiety o E U DP AG ancl a ce-
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FIG. J. - Scparation of ycast nucleotides by anion exchange. The lincs above the peaks represent lhe 
fractions of e,tch peak pooled [or analysis. Peak B, mainly DP , I ; Peak C, a uridine derivative plus unk· 
nown substance; Peak D , AMP-5'; Peak E, UMP·5' plus unidentified compound; Peak F, inosinic and 
guanylic acids; Peak G an ADP-ribose compound; Peak H , AD1>; Peak 1, UDPAG; Peak J, UDPG. 
T .\BLE 1 
-~-
Aualytical Dala on Efflueut Fraclio11s 
Radenosinc RF o[ 
Jiadcnosine R adenosin e RF with of nuclco- bases witb 
Sub- Spcctrum. p · lltlciCO-
Labilc with cthanol- with cthanol- butano!.- si des with a1nmonium 
si de P-total ammonium sla nce typc (1) p ratio (3) ratio 12) acetaiic, 
pH 7.5 (4) 
B DPN ·2 .1 0.17 0 .37 
e Uridine 0.71 0.27 0.74 
(atypical) 
n Adenosine 1.03 0.06 0.47 
E U riel in e 0.92 0.12 0.55, 0.79 
1' 1nosine 0.98 0.13 0.39 
(atypical) 
G Aclenosine 2.0 0.16 0.61 
H " 1.75 0.44 0.31 
1 Uridine 1',8 0.49 0.79 
.J " ].6 0.46 0.68 
1 Determined in neutral, acid (0.1 N) , ancl 'alka-
linc (0.1 N) solutions. 
2 Calcu lated from lhc total phosphate :Jtnd the 
exlinction coe[ficients of th e sub tances as found in 
the Jiteralure. 
3 Labilc phosphate is clefined as the pbosphate li -
beraled by 15 minutes hydrolysis in l N acid at 1009. 
4 Ractcnosine of aclenosine-5'-phosphalc, 0.47; inosi-
ne-!í'- phosphate, 0.41; DPN, 0.38. l'or other elata, scc 





pH 3.8 (5) phatc (6) a.cetate, panol*"' 
pH 3.8 (5) 
0.24 
0.60, 0.73 0.90 LIS 
0.64 0.75 0.95 0.17 
0.62, 0.80 0.88 Ll7 
0.51, 0.62 0.95 
0.42 0.95 0.17 




5 Radenosinc o[ adcnosine-5'-phosphate, 0.63; inosinc-
5'-phosphate, 0.63; D PN, 0.24; uricline-5'-phosphalc, 
0.79; uricline, Ll6; inosine, 1.02; AMP-3• aftcr phos· 
phallase, 0.95. For olher data, see Paladini ancl Le· 
loir (3). 
!i RF of aclenosine-5'-phosphatc, 0.7:3; aclenylic 11cd 
a, 0.73; adenyli c acid b , 0.64. 
• 
'"' RF of adcnine, 0.17. 
URIDI:--IE DIPHOSPHA TE ACETYLGLUCOSAMINE 103 
tylglucosamíne after treatment with dilute When the sugar was submítted to prolon-
alkali ancl p-dimethylaminobenzaldehyde, as ged hydrolysis under conditions which lead 
described by Aminoff et al_ (6), were com- to deacetylation of acetylglucosamine, it was 
pared and iound to be identical (Fig. 2). , found to give a positive Dische and Boren-
By paper chromatography of the free su- freund reaction for glucosamine (10). The 
gar with pyridine-ehtyl acetatewater (7) , fol- hyclrolysate was run on paper with a solvent 
lowed by spraying with aniline phthalate (8) mixture composed of ethyl acetate, pyridine, 
or with the modified Elson and Morgan rea- ammonia, and water. The chromatogram, 
gent (9) , a single spot was obtained, with sprayed with the modified Elson and Mor-
the same Rglucosc value and color as acetylglu- gan reagent, showed a residual spot with the 
cosamine (Table II). More than twenty su- same R gtu cosc as acetylglucosamine, and a new 
gars have been tested with this solvent. Of one with the same Rgtucosc as glucosamine, as 
these, only acetylgalactosamine and 3-methyl- can be seen in Table III. 
galactose migrated on the paper at a rate The isolation of acetylglucosamine was 
similar to that of acetylglucosamine. Howe- not attemptecl on account of the relatively 
ver, acetyJgalactosamine can be easily diHe- small amounts of UDPAG available, but the 
rentiated from acetylglucosamine by using eviclence outlinccl above leaves little doubt 
the same solvent, but with borate-treatecl pa- about its iclentity. As unh~clrolyzed UDPAG 
pcrs (Table Il), while 3-methylgalactose gi- is non-reclucing ancl gives no color with the 
ve~ different color reactions. Morgan ami Elson reagent (11), it may be 
Identical R gtu cose values for acetylglucosa- concludecl that acetylglucosamine is linked 
mine and the sugar from UDPAG were also to the rest o( the molecule through the car-
obtained by chromatography with butano!- bon atom J. The sugar is very easily liberated 
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F1c; . :¿_ - .\bsorption spectra of th e sugar moiety of accorcling LO Amino(f et al. (6). The absorbancy va-
l' DI' .\(; 1• ) and of ccetylglucos<umin e (solid 1ine) Jues were multiplied by a fa ctor so as to make the 
trc<~ tcd with alkali and p -clim eth yla.minobcnzaldehyde absorban cy at !)•15 m¡.¡ cqua1 to 1.0. 
T.'dlLE JI 
PaJ!er Cll rOIIIal ogra.ph y of Sugar M oiely f rom UDPAG 
Sol\'cnt , ethyl 3Cetatc-pyricline-water (7, 21) . 
Rglucosc v:tlu es of spots 
Substancc 
Un trcatcd Boratc· bu((ercd 
papcr papcr 
Acetylglu cosamine ..... 124 2.25 
Acetylga lactosa m ine . . .. 1.14 1.7 
H r drol yzcd UDPAG .... 1.23 2.24. 
TABLE 111 
PafJer Cl!roi!WlograjJhy of D eacelylated Sugar 
from UDPAG 
So1vent, ethyl ace tale-pyridine-ammonúa wa ter (sce 
thc len) . 
Substancc 
Aoetylg1ucosaminc ...... . . . . . . 
Gluc.osamine . ... . ... . . .. . . . .. . 
Gala ctosaminc .. . .... . ..... .. . 
Deace tylated acetylg1ucosamine .. 
sugar from UDPAG 
• Very fceble. 




0.69, 1.20 . 
0.70, 1.20 .. 
~ ---
















F1G. 3. - Liberation of acetylglucosamine from UD-
PAG heated in 0.01 N acid at 1009. The value obtain-
cd after 3'0 minutes was takcn as lOO. 
Pr-esence of Ur-idine 
The absorption spectrum of UDPAG was 
found to be identical with that of uridine 
(2) ancl to show the same changes with pH 
:md upon the addition of bromine. Uridine 
could be identified also chromatographically 
as a breakdown procluct of UDPAG (see be-
low). 
Presen ce of Phosphate 
As in UDPG, two phosphate groups per 
molecule of uricline werc founcl. One of them 
is acid-labile and can be hyclrolyzed in 20 
minutes with 1 N acid at 1009. Comparative 
hydrolysis data for UDPAG and UDPG are 
shown in Table JV. 
Acid H ydro lysis of UDPAG 
Uridim:-5'-pyrophosphate and uridine-5' 
-monophosphate were identified as breakdown 
products of UDPAG, after acid hyldrolysis, by 
paper chromatography in two different sol-
vents (Table V) . The standards of compa-
rison were a synthetic specimen of UMP-5' 
ancl UDP obtained from UDPG. This U[)P 
has been shown by Anand et al. (12) to be 
id en i:ical with syn thetic uridine-5' -pyrophos-
plnte. 
TABLE IV 
PhosfJhate Libenilerl from UDPAG and UDPG 
by Acid H ydrolys zs 
The figures represent the per cent phosphatc li-
beratecl al 1009, thc 30 minute valu-e in 1 N acid be-
ing taken as 100. 
l N acid 0.1 .~ acid 
Time 
1 1 
tJDPAG UDI'G UDPAG tJ DPAG 
m in . 
1 
15 94 90.7 38.4 4[ 
30 100 lOO 63 'li:.J .7 
6() lOO 100 R'í 
1 
8 1.3 
120 99 94 3 
TABLE V 
PaPPr Chromatographv of Nucleotzdes 0/Jtained by 
Acirl H ydrolysis of UDPAG 
Subslance 
UDPC ............... .. 
UDPAC .... . . . . . . 
UDP from UDPG ..... . 
UDPAG heated 10 min . in 
0.01 N acid at 1009 .... 
Synthctic l JMP-5' 
U DPAG heated 20 min. in 
1 N acid at 10'09 ... .. . 
UMP-3' 
Radenosinc va1ucs of 
u 1 tra violet-absorb i ng 
spots 
Ethanol -ammonium .Ethanol -a mmoni111TI 
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The position of the phosphate group in 
uridylic acicl was further confirmed by treat-
ment with a 5'-nucleotidase from snake ve-
n.om (13). As can be seen in Table VI, thc 
uridylic acicl obtained from UDP AG was hy-
drolyzecl by this enzyme yielding inorganic 
phosphate ancl a substance with the same 
R odcnosinc as uridin e, whereas UMP-3 ' was not 
attacked. 
Al!wline H ydrolysis 
It was previously observccl (3) that chro-
matography of UDPG and UDPAG mixtu-
res with an alkaline solvent lec! to a clecom-
position of the former substance but to no 
observable changc of the latter. The alkaline 
decomposition of UDPG was found to give 
rise to UMP-5' ancl a cyclic phosphoric es ter 
of glucose. No c!-.roma togra phically d etecta-
ble change has been observed after heating 
UDPAG during 5 minutes a t 1009 in con-
centratcd ammonia . After heating 15 minu-
tes at 1009 in 0.15 N barium hydroxidc, two 
substances could be cletected by paper cl1ro-
matography which appeared to be UMP-5' 
a ncl ace tylglu cosamine-1-phosphate (Table 
VII). The latter snQ. tance has ~ecn prepar-
cd synthetically ancl will be dealt with in 
future p::tpers. Park (4) has commented on 
the diHerent stability to alkali of UDPG aml 
the UDP-amino sugar compounds. The ca u-
se of the greater stability woulcl be that in 
UDPAG the hyclroxyl at position 2 is una-
vailable for the formation of the cyclic phos-
phoric ester. 
L inlwge of Different Componenls 
The analytica l data for the calcium salt o[ 
UDPAG driecl over phosphorus pentoxicle 
are shown in Table VIII. The results corres-
panel to a preparation o[ about 90 per cent 
purity of a compound containing one uricli-
ne, two phosphate groups (one of them be-
ing acicl -labile), and one acetylglucosamine re-
sidue. 
The fact that the intact compouncl is non-
reducing ancl gives no Morgan and Elson 
reaction ancl the liberation of UDP and UMP-
5' by acicl h ydrolysis suggest a structure si-
milar to that of UDPG. This structure is fur-
ther supportecl by th c results of the alkalinc 
hyclrolysis. 
TARLE VI 
Aclion of 5' -Nucleolidase 011 Uriclinc Monop!wspltale from UDPAG 
Each tube contai necl 0. 1 ml. of Grata/u. adarnanleus enzy mc, 5 ~1M of i\fgCl,, 50 wr o[ glycine, pH 
8.:í. l pM of uridine mono phosphratc fro m U DPAG or U MP-3 '. Total vol u me, 0.4 mi. 1: he mixture was 
incubalecl at 37<:> and the react ion stopped by addi tion of 0.8 mi. of ethanol. Aftcr centrifuging, 0.5 mi. 
~ liquots of Lh e supern atant were traken for inorganic phosphatc cle terminations a ncl th e rest was evaporal-' 
cd in vacuo and submitted to paper chromatography with e lh anol-ammonium acetate, pH 3.8. The 
Radcnosi nc of syn th etic UMP-5• ancl of uricline 'vere 0.79 ami l.l8 r espectivcly. 
Substra tc addcd 
lJ ,\[1' from U DPAG 
lJ MP from U DP.\G 
U i\fP-3 ' 
Ui\fP-3' .. . . . ..... . .. . . . 
'• · Fccblc. 







lnorganic 1 Radenosinc of 
phosphalc in ultraviolct abso rbin g 
tCI!a l sampl c substanccs 
t~~r 
lU8 0.79 
0.95 0.78, * 1.17 
o 0.89 
o 0.87 
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TABLE Vll 
Paper Chroma.tograjJhy of Allwline Degradation 
Products of VDPAG 
.'\[ter hydrolysis , th e sarnples wcre neutralizecl with su lfuric acicl ancl c.entrifuged. The supernatants were 
pa sscd through a cation exchange resin (Dowex 50). The eluates were neutralized with ammonia evaporated 
in vacuo, and used for chromatography. Solvent, etha nol-ammonium acetate, pH 3.8. 
Substancc 
Time of heat- \ 
ing 0.15 N ---------- - - --
Distancc of spots from starting Jinc 
Ba ( OH ) 2 1 Located with Locatcd with 
ultraviolct p reagent 
U DPAG .. . . .. .. .......... .. . 
Acctylglucosamine- 1 -phosphate .. 













cm. cm. cm. 
18.6 
18.6 22.5 28 .8 
18.6 22 .8 28.7 
29.7 
23 .7 
Uridinc diphosphatc acetylglucosamine 
Th ~ compouml represented by the accom-
panyi ng formula woulcl show two primary 
phosphoric acicl groups. Hyc!rolysis at the 
roints marked a ami IJ would yie:d one se-
condary phosphoric acicl group in each case. 
Besides, hydrolysis at a ancl b woulcl liberate 
acctylglucosamine ancl inorganic phosphate. 
Therefore, the electrometric data were com-
pared with the values predicted from total 
phosphate, inorganic phosphate, and free ace-
tyl glucosamine estimations in samples of the 
substance before and after hydrolysis. The 
results, which were exactly: equivalent to tho-
se obtained previously (1, 2) with UDPG, 
are summarized in Table IX, and agree well 
with those predicted from the accompanying 
formula. 
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TABLE VIII 
Analytical Data for Sample of Calcium Salt of UDPAG 
Component Found 
¡LM per mg. 
Theoretical 
Ca salt 
for l Ratio com -
1-----
1 poncnt-uridinc 
¡LM per mg. 
Uricline (Crom absorbancy at 260 miL) .. . .... . . 1.48 1.55 1 
Total plwsphate .... . ....... .. .... . .. ........ . 2.75 301 1.86 
Labilc , (20 min. in 1 N acicl at 100Q) .. . 1.31 -1.55 0.885 
Acety lg lu cosamin e .................... . . . ... . . 1.49 1.55 1.01 
Nitrogen .. . . . . .. . . .. . . . . . .. . . . .... . o .. . o o. o. o. 4.59 4.66 3.12 
----------------------0---------------~--------~-------------------
TABLE IX 
Eleclrometric Titration of UDPAG 
The rechnique was the same as described pre-
viousl y (2) . 
Base, JLCq 
Time of hcating 
at 1009; about Calculatcd from Observed OD electro -
J>H 2 analytical data mctric titration 
Primary 1 Secondarv }Jrimary1 1 Sccondary, 
m.in . 
o 9.6 .o 9.6 o 
JO 906 5.0 9.6 502 
60 9.6 8.0 906 8.2 
l Titratcd lo pH 4.50 
2 Titra tcd [rom pH 4.5 to 8.2 0 
Park's Compound I di[fers from UDPAG, 
sin ce its sugar moiety contains an acid group 
ami does not migrate on paper like acetyl-
glucosamine (<!). 
Due to the close similarity in the structures 
o( UDPAG and UDPG, and considering the 
coenzymat ic activity of the latter, it may be 
suspected hat UDPAG plays some role in the 
metabolism of hexosamines. However, preli-
minary experiments in this direct ion have 
been negativeo 
EXPERIMENTAL 
M elltodso - Besides those employed in pre-
vious paper (1-3), the following analytical 
meLhods wcre usecl: those of Morgan and El-
son ( 11) or Aminoff et al. (6) for acetylglu-
cosamine, Dische and Borenfreund (lO) for 
glucosamine, .Johnson (14) for nitrogen, Al-
baum ancl Umbreit (15) for pentoses. Kalc-
kar (16) Ior AMP-5' deaminase, Schlenk ancl 
Schlenk for ANIP-5', using muscle enzymes 
(17) , Colowick et al. (18) (or DPN, and 
Cori and Green (19) for AMP-5', using phos-
phorylase b. 
N ucleosides were preparecl from the nu-
cleotides by treatment with a purified pig's 
kidney alka.line phosphatase (20). 
The nucleotides were hydrolyzecl to the free 
bases by heating at l 009 in l N snlfu ric acicl 
during 30 minutes for the purines, and in 
2.5 N su lfuric a cid el uring 6 hours for the py-
rimiclines. 
Paper cbromatography of sugars was car-
ried o ut with the cthyl acetatepyricline-water 
mixture previousiy used (7, 21). Acetylglu-
cosamine and acetylgalactosam ine were sepa-
rated by using papers which hacl been im-
mersecl in 0.2 M borate buffer of pH 8 ancl 
driecl. Glucosamine and galactosamine show-
ecl a markecl tailing with the above mixture, 
but gave well defined ancl separatecl spots 
after running with a more alkaline solvent 
prepared by mixing ethyl aoetate, pyridinc, 
concentra tecl ammonia, and water in the pro-
portions 10 :5:3:3 by volume. After equilibrat-
ing at 309, the upper phase was used. 
Sugars were locatecl as described by Par-
tridge with aniline phthalate (8) or with a 
modifiecl Elson and Morgan reagent (9). 
For papcr chromatography of nucleotides 
and nucleosicles, the ethanol-ammonium ace-
tate mixtures alrcady clescribed (3) were us-
ed, in addition to Carter's isoamyl alcohol-
disoclium phosphate solvent (22). The chro-
matography of free purine and pyrimicline 
bases was carried out with isopropanol-am-
monium sulfate (23) or with butanol-am-
monia (24). Standard substances were run in 
e\'ery chromatogram, since no precautions 
were taken to obtain reproducible R, values. 
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The position of ultraviolet-absorbing subs-
tances was ascertainecl with a Mineralight 
lamp and that of phosphorylatecl compounds 
accorcling to Bandurski and Axelrocl (25) . 
The position of the substances on the paper 
is given relative to the position of glucose or 
aclenosine. For instance, the ratio of the clis-
tance traveled by the unknown substance to 
the el istan ce trave lecl by gl u cose is referred to 
as Rglucosc 
Yeast Extract. - To 1 O kilos of bakers' 
yeast, lO liters of 95 per cent ethanol were 
added and the mixture was heated with con· 
tinuous stirring until it boiled. On the follow-
ing clay it was filtered through a 32 cm. Büch-
ncr funnel with a filter-aid. The filtrate was 
acid iiiecl with 5 N nitric acid until acid to 
Congo red paper. Then 30 m!. of mercuric 
ed by further decantations and su,pendecl in 
water, was poured into the column to [orm 
a layer 2 to 3 cm. thick, which prevented 
Jeakage o( thc smallest particles throug\1 the 
fritted glass disk. T!Í.e rest of the r·esin, sus-
pended in a small amount o[ water, was then 
adcled and allowed to settle. The column, 
which was 30 cm. high, was washed with l N 
hyclrochloric acicl until the absorbancy of the 
eWucn t dropp<cl to a value of 0.03 to 0.0'1, 
íol1owed b y water until the pH of the e([luent 
was about 5. 
The solution of nucleoticles (1500 mi., con-
taining about 8000 ¡;.M ca lculated as uridine 
from the absorbancy at 260 m¡,t) was a llowed 
to clrain at a rate of 6 to 8 mi. per minute. 
From this point on, the procedure varied in 
differen t cases. 
acetate (2) per 1iter were addecl. After mix- (a) For the type of experiment shown in 
ing, the preparation was ]eft overnight in the Fig. 1, the column was first washecl with wa-
relrigerator. The suspension was filterecl ter until the absorbancy of the effluent drop-
through a Bü chn er funnel. The precipitare p ecl below 0.1. Then the first e1uent (0.002 N 
was clried as much as possible by suction, ancl hydrochloric acicl) was run through ancl the 
placed in a blenclor with 1200 mi. of wat-er, elution wa Jollowecl by measurements o[ the 
ancl decomposed with hyclrogen sulficle in absorbancy at 260 m¡,t. The rate of flow was 
the cold. The m ercuric sulfide was filterecl maintained bctween 6 and 8 ml. per minute. 
o[( and washed with 100 mi. o( water and Each eluent was replacecl by the next one 
the combined Iiltrates were aeratecl aml' neu-=- '· after the absorhency of (ive to ten fr actions 
tralized to pH 6. Prior to chromatography, (2.5 to 5 liters) hacl remainecl uncler 0.1. 
the sol ution was brougbt to pH 7.5 by addi- The highest concentration o( hyclrochloric 
tion o( concentratecl ammonia. acid usecl was 0.01 N in orcler to prevent cle-
Column Clnomntogrnphy. -A glass colum 
(50 cm. high ancl 4.5 cm. inner diametcr) 
....-as fed through a rubbcr tubing by a con-
tainer hung about 1.5 meters above. 
The fraction collector consistecl of a row 
of forty flat bottles of 1 1iter capacity over 
which the column was displaced on rails by 
an electrically clriven motor, so that a clis-
tance o[ abo u t 2 meters was coverecl in 24 
hours. The tip o[ the column was fitted with 
a hanging Iunnel and an escape mechanism 
control1ecl by a row of suitably spacecl nails 
which preventecl the 1oss of effluent in the 
space between the bottles. 
The strong base Dowex 1 anionic resin was 
employed throughout. The resin (200 to 400 
mesh) was convertecl to the chloride form 
with 1 N hyclrochloric acid and freecl from 
fines by six or more cl ecantations from water. 
A smaller amount of coarscr resin, obtain-
composition of Iabile nucleoticles , and solu-
tions of higher eluting power were prepared 
by adclition o[ soclium chloricle . 
(b) When it was clesirecl to isolate only 
UDPAG and UDPG, a simplifiecl proced ure 
was employed. After a washing with water 
(500 ml.) , the following solutions were suc-
cessively run through the column: 0.01 N hy-
clrochloric acicl 0.01 N soclium chloride in 
0.01 N hydrochloric acicl, 0.02 N sodium chlo-
ride in 0.01 N hydrochloric acid. 
Each eluent was replaced by the next, the 
same criterion as in (a) being used. Finally, 
U'DPAG ancl UDPG coulcl be elutecl separa-
t:e1y· with 0.03 N sodium chloride in O.Ol N 
hydrochloric acid. In extracts Irom toluene-
treated yeast, which containecl less U'DPAG 
than UDPG, a complete separation between 
the two su bsta nces coulcl be obtai necl only 
when a solution of 0.025 N so:lium chloride in 
0.01 N hydrochloric acid was usecl in the last 
step. 
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After each run the column was regenerat-
ecl with l N hyclrochloric acicl, followecl by 
water. The same column was usecl several ti-
m es, except for a sma ll !ayer at Lhe top whie:h 
darkened duri11g the run and was replacecl 
each time by fresh rcsin . 
Concentmti011. - The method of eohn (5), 
which makes use of small resin columns, was 
discardecl in view of the co11cl iLions of high 
acidity to which the substances are exposed 
during the process of -co11ce11tration. Insteacl 
a n alterna ti ve proced u re was dev ised w hich 
yieldecl excellent results in most cases. The 
iractions belongi11g to each pea k were pooled 
a nd absorbed on a smaJ.l charcoa l column (3 
gm. of Norit A in a fritted g lass funnel 4 
cm. in diameter). Elution from the charcoal 
was ca rriecl out with a water-cthanol-ammo-
nia mixture (40 ml. of 95 per cent alcohol 
plus l mi. of concentrated ammonia, macle 
up to lOO mi. with water). 
Each fraction of 3 to 5 ml. was collectecl 
In the colcl a11cl irnmediately adjustecl to pH 
5 Lo 6 with hydrochloric acicl. Thc fractio11s 
o( high absorbancy were then poolecl. It w. ts 
thus possible to concentrate the solutio:1; 
from severa! Jiters CQ. ,,20 to 40 mi. The yield 
o( this stcp was 70 to 80 per cent. 
These sol u tions werc further concentrated 
by evapora tion under reduced pressure, ancl 
in sorne cases the nucleotides werc precipitat-
ecl as the calcium sa l t by adcliLion of so me 
drops of a saturated solution o[ calcium chlo-
ride in eth,anol, followed by severa! volumes 
or cLhanol until no more precipitation oc-
curred. 
Analysi~ of Effluent Fractions. - Some of 
the results obtai11ecl from the stucly of the 
fractio11s isolated in the experime11t of Fig. l 
are summarized in Table I. Beüdes the ana-
lytica l elata obtainecl for each compouncl, fur-
Lher information was provicled by the com-
position of the elue11t, since a lower pH ancl 
a higher anion concentrat ion are needed for 
the e lution of the 1011s with higher net ne-
gati ve ch arge (5) . 
A considerable amount of ultraviolet-ab-
sorbil1g material, representing abotlt 30 per 
ccn t oi the total absorbancy of the sample, 
was not adsorbecl on the column ancl was re-
coverecl in the wash wat-er. This fraction, 
which contained no phosphate, probably con-
sistecl mainly of nucleosides ancl free bases. 
On stand ing, it gave rise to a crystalline pre-
cipitate which seemccl to be hypoxanthine, 
as judged by its spectrum. 
Peak A was not analyzed, as most of it was 
Jost in the process of concentration. 
Peak B gave an aclenosine spectrum. A band 
at 340 m¡.t appeared in cyanide solution. The 
RF values were those of DPN. It catalyzecl the 
oxiclation o[ alcohol and glyceraldehyde phos-
phate in the presence of yeast enzymes ancl 
dichlorophenol inclophenol. The mat&ial 
containecl in Peak, B therefore appeared to 
be DPN, but some contami11ant was present 
since the phosphate content was too high for 
the DPN values calculatecl from the absor-
bancy at 310 m¡.t. 
Penk C. - Two spots werc obtained by pa-
per chromatography with one of the solvents. 
After separation of the two substa11ces, one 
(e,) was founcl to give a spectrum similar to 
that of uridine, while the other (e~) gave a 
spectrum which coukl not be idc11tifiecl (ma-
ximum 260 m¡.t in ac icl , 230 a11cl 260 m¡.t in 
alkali ). 
The RF of the nucleosicle prepared from el 
corresponded to that of uridine. Acid hydro-
lysis gave a substance of spectrum and RF co-
rresponding to uracil. In acldition, two other 
substances appeared, one probably bcing 
UMP while the other coulcl not be idcntifi-
"d . Ther-efore, Peak e co11tained two subs-
tances, one of which is a uridine compound. 
Penk D - The ·data obtainccl for this subs-
tance were as follows. The spectrum was ty-
pical for adenosi11e. Therc was o11e phospha-
te for each aclenosine, 6 per cent of which 
was acid-labile. The RF values in three sol-
vents corresponded to AMP-5', and the subs-
tance obtainecl after hydrolysis with phospha-
tase gave the RF value of adenosine a11cl that 
of aclen in e afler acid hydrolysis. 
The substance stimulated phosphorylase b 
and the dephosphorylation of phosphopyru-
vate as clescribcd by Schlenk a11d Schlenk 
(17). Muscle cleaminase produced the same 
spectral changes as 011 AMP-5'. Fron this evi-
dence it can be concluded that the substa11ce 
in Peak D is AMP-5'. 
Peak E gave two spots on paper chromato-
graphy, one of them (E2) corresponding to 
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UMP-5', as juclged by the RF value and by the 
type of the spectrum. The other compound 
(E,) gave a spectrum very similar to that of 
C2 • The rcsults obtaineel after phosphatase 
01 acid treatment of Peak E were very simi-
lar to those for Peak C. Therefore, Peak E 
appeared to contain UMP-5' and an uniden-
tifieel compouncl. 
Peak F - The spectrum was somewhat si-
milar to that of inosine. Analysis showed one 
phosphate per nucleosiele resiclue. Two spots 
appeared on chromatography with one sol-
vent -and the RF of one of these spots cor-
responded to that of inosinic acid. After elu-
tion of the substances in each spot, the faster 
gave a typical inosine spectrum · and the slo-
wer a guanosine type of spectrum. The bases 
liberated by acid hydrolysis were hypoxan-
thine and guanine, as juelged by paper chro-
matography, followeel by elution anel spec-
trophotometry. 
Thus Peak F appeared to contain a mix-
ture of inosinic and guanylic acids. Consider-
ing the acid stability of the phosphate, these 
substances probably corresponded to the 5' 
1somers. 
Degmdation Products of UDPAG 
Iden tificaáon of Acety!glucosamine For 
the quantitative tests, UDPAG was hydro-
lyzed with 0.1 N sulHuic acid during JO mi-
nutes at 1009, the mixture was neutralized 
with 0.3 N barium hyclroxide, and the n ucleo-
ticles precipitated by aelding equal volumes 
of 5 per cent zinc sulfate ancl 0.3 N barium 
hyclroxicle. After centrifuging, acetylglucosa-
mine was detenninecl accorcling to Aminoff 
et al. (6) in an aliquot of the supernatant 
solution. 
To obtain a solution of the sugar suitable 
for chromatography, UDPAG was hyelroiyz-
ecl as above ancl the liquicl was treated suc-
cessively with a cation exchange ancl an anion 
exchange resin (Dowex 50 ancl Amberlite 
IR-4B). This solution was evaporated in va-
cuo ancl submitted to paper chromatography 
(Table Il) . 
The deacetylation of the sugar was carri-
ed out on an aliquot of the same solution, 
which was heated in a sealeel tube with 0.1 N 
sulfuric acid 24 hours at 1009. The liquid 
_ was_ neu tralizeel with barium hydroxide, cen-
trifuged, and the supernatant solution used 
Peak G - A typical adenosine spectrum ~ for chromatography. A control with an au-
was obtained. No spectral change was observ- thentic sample of acetylglucosamine was run 
éd after adelition of cyanide. Two phosphate simultaneously (Table III). 
groups per adenosine were found. Par)er u --d- n ·p'- pl t UDPAG 1 . 1 z zne- t nos· 1a e - wa:> lY-
chromatography of the nucleos1de anel base el 1 1 . 1 0 01 lf . 'el el . lO 
R l 1 h f el 
. ro yzec wlt 1 . N su ·une an ·unng 
gave F va ues equa to t ose o a< enosme and . 1000 All 1 b · ll 
l . . 1 T 'b . 1 mm u tes at -. tle sugar ut pract1ca y ac enme respective v. . wo n ose res1c ues per h 1 - l'b 1 1 1 ¿· each aelenosine w;re found. The same data n.o p osp late ~s 1 eratec un~ -er tl~se c~n l-
Id b bt · el f 1 el "' 1 . twns. The and was neutraJ¡zecl wlth ddute wou e o a1ne or t 1e pro uct rc.su t1ng 
from hyclrolytic removal of the nicotinamide ammonia and the solution used for paper 
from DPN. chromatography. For comparison, a sample 
Peak H gave a typical spectrum for ade-
nosine. The phosphate-adenosine ratio was 
1.75, anel 44 per cent of the phosphate was 
la bile. Adenosine and aelenine were obtain-
ed by hydrolysis. In the presence of crude he-
xokinase, phosphate was transferred to glu-
cose. The bulk of the substance was proba-
bly ADP. 
Peak I - The substance containeel in the 
fraction is referred to as UD P AG anel was 
studied in detail. 
Peak ] - The data shown in Table I, the 
chromatographic behavior and the coenzymic 
activity corresponded to those of UDPG. 
oi UDPG was submitteel to the same treat-
ment (Table V) . 
Uridine Monoplwsplwte - U[)PAG was 
hydrolyzed in 1 N sulfuric acid during 20 mi-
nutes at 1009. The aciel was neutralized with 
barium hydroxicle, anel the supernatant so-
lution usecl for chromatography (Table V)_ 
Action of 5'-Nucleotidase on Uridine Mo-
noplwsphate - For this experiment uricline 
monophosphate was preparecl from UDP AG 
as describecl above, except that an excess of 
baríum hyclroxiele (to pH 8 to 9) was aclclea 
in orcler to precipitate most of the inorganic 
phosphate. After centrifuging, the superna-
tant fluid was neutralized with sulfuric acicl 
URIDI:-.JE DJPHOSPHATE ACETYLGLUCOS.\MINE 111 
and centrifuged again. The resulting solu-
tion was incubated with the enzyme, as de-
scribed by Heppel ancl Hilmoe (13) (Ta-
ble IV) . 
The authors wish to express their grati-
tude to Professor A. R. Todd for a sample 
of synthetic uridine-5'-phosphate, to Dr. L. 
A. Heppel for the Crotalus adamanteus enzy-
me ,and to Dr. R. Caputto, Dr. J. L. Reissig, 
and Dr. R . E. Trueco for helpful criticism. 
SUMMARY 
A preparation of nucleo tides from bakers' 
yeast has been fractionatecl by chromatogra-
phy on .an anion exchange resin. The com-
pounds contained in each fraction were ten-
tatively idcntified and one of them was studi-
ed in more detail. This substance (UDPAG) 
gives the same spectrum as uridine at seve-
ra! pH values and after treatment with bro-
rnine. It contains two phospha te groups, one 
of which is acid-labile. 
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T HE ENZYMIC SYNTHESIS OF TREHALOSE PHOSPHATE 1 
L. F. LELOIR AND E. CABIB 
Institu to de In vestigaciones Bioquímicas, Fundación Campomar 
]ulidn Alvm·ez 1719, Buenos Aires, Argentina 
Uridine diphosphate glucose (UDPG) 2 
has been Iou nd to disappear when incubated 
wi.th a yeas t extract and glucose monophos-
phate. This clisappearance may be measured 
by cstimating UDPG by its coenzymatic ac-
livity 3 and a1so as a decrease in acid-labile 
glucose. During the reaction UD P is formed 
ancl the reducing power of the mixture de-
creases. As shown in Table I , these changes 
are equivalent and do not take place when 
any one of the reactan ts is added at the end 
o[ the incuba tion period. 
T. \ BLE I 
Analytical Changes Prodnxed by the Enzyme 
Jncuhation of 0.4 #mole of glucose-.6-phosphale, 
0.6 J<lllOle of U DPG ancl 0.02 mi . of enzyme in O .14 
i\!jtris (hyclrosym ethyl) -aminomethane buffer of p H 7 
during lOO minul es at 379; total vo1ume, 0.1 mi. ; 
rcsults expressed in JLI110les. Thc enzyme was obuained 
hy dis intcgra ting brewcr's yeast cclls with sand in a 
50 cyclcs pcr seroncl oscillator. After centriEuging the 
supernata nt was tTI'aclc ü.5 saturated with ammonium 
sul f.dtc ancl th e precipitate was clialyzed. 
.:l 1 ó 
)arnple 
Substance omitled 
Reducing Labile during incubation a 
Powcr b Glucose e UDP d 
G lu cose-G-ph osphate o - 0 .04 +0. 02 
2 UDPG ü o o 
3 Non e - 0 . 13 - 0.14 +0. 14 
1) T his in vestigation was supported in part by 
ll rescarch grant (G-3442) from the Na tional lnstitutes 
of H ca lth , U. S. Publi c. H•ca lth Service an b y the 
R ockcfe ll er l' ounda tion. 
(2) T hcse abbreviations wil l be used: UDPG for 
uriclinc diphosphate glu cose, UDP for urlcline dis-
phosphatc, ancl UTP for uridine triphosphate. 
(3) R . Ca pullo. L. F. Lelo ir, C . F. Oarclini and A. 
C. l'a lad ini . Biol. Che1n., 184, 333 1950). 
a Thc substance omittccl wus aclded at the end of 
the incubation period. The ~ values represent the dif-
ference with sample 2. b Calculated as glucose. e H y-
drolyzecl. JO minutes at pH 2 followed by precipitation 
with zinc sulfate aru:l bari u m hydroxide. Practically 
all the glucose libernted under these conditions is 
that of UDPG. d Estimated by a m ethod b ased on the 
reacton : phosphopyru VIa te + UDP -7 pyruvate + 
UTP (A. Komberg, in "Phosphorus Metabolism". 
The Johns Hopkins Prcss, Baltimore, 1\fd., 1951, Vol. 
1, p. 392). Pyruvate mcasured colorimetrically. 
Samples equal to those shown in Table I 
wcre submitted to fractionation of the ba-
rium salts. The water soluble, alcohol-inso-
luble Iractions were usecl for paper electro-
phoresis with bora te buffer 4 and the phos-
phate conta ining compounds were subsequen-
tl y cleveloped with a molybdate spray rea-
gent 5 . T he experiment showed that sam-
ple 3, but not samples l or 2, contained a 
phospha te compouncl which migrated at 60 
per cent the rate o[ glu cose-6-phosphate. De 
phosphorylation of this compound with kid-
ney phosphatase producecl a substance which 
gave the same R t value as treha1ose when ch-
romatographed on paper. 
In other experimen ts the reaction proclucts 
were deproteinized by heating, -treated with 
charcoal in orcler to remove the nucleotides 
and submitted to the action of phosphatase. 
'ii\Then chromatographed on paper a substan-
ce migrating like trehalose was founcl to be 
present in sample 3 but not in the others. 
The substance extracted from the paper was 
hydrol yed in l N acid during 3 hours at 1009 
ancl compared chromatographically with tre-
halose trea ted in the same manner. In both 
cases a glucose ancl a trehalose spot were 
obtained. 
(4) R . Consclen IJ. nd W. i\I. Stainer, Nat ure, 169, 783 
(1952). 
(5) R . S. Banduski ancl B. Axelrocl , ]. Biol. Chem., 
193, 405 ( 195 1) 
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The solvent used for paper chromatogra-
phy was pyridine ethyl aceta te water 6 with 
which trehalose, saccharose, maltose and lac-
tase can be separated ancl the developer was 
an alkaline silver reagent 7 which reacts 
slowly with non-reclucing disaccharides. Fur-
thermore, reclucing from non-reclucing sugars 
can be distinguished because only the latter 
give color with the aniline-phthalate spray 
reagent s. TLus the ester appears to be a 
phosphatc of trehalose which is presumably 
iclcntical to tha t isolated by Robinson and 
(6) M. A. Jermyn and F. A. Isherwood, Biochem.]. 
44, 402 (1949) . 
(7) W. E. Trevelyan. D. P. Procter ancl J. S. Harri-
son, Nature, 166, 444 (1950). 
Morgan 9 from the products o[ yeast fer-
mentation. 
The enzyme }1as been only partially puri-
fied and sti ll contains the enzymes wh ich 
transform glucose-6-phosphate in to gl ucose-1-
phosphate ancl into fructose-6-phosphate, but 
the most simple explanation o[ the chemical 
changes observed is the equation. 
UDPG + glucose-6-phosphte ~ 
UD I' + treha lose pnosphatc 
(8) S. i\f. Partridge. íbidL, 164, 443 (1949 . 
(9) R. Robison ancl W. T. J. Margan, Biochem. ]. , 
22 . 1277 (1928) o 
[ 
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THE BIOSYNTHESIS OF SUCROSE 1 
Bv L. F. L E LOLR AND C. E. CARD IN! 
A previous note 2 reporte-J the [orma-
tion o[ trehalose phosphate from UDPG 3 
and g lucosc-6-phosphate. Following the same 
genera l pr:occdure, an enzyme has now been 
fo11nd in wheat germ which catalyzes the r·e-
ac tion UDPG + fructose ~ sucrose + UDP. 
The evidence is as follows. The procluct form-
cd was founcl to be non-reducing ancl to be-
have like sucrose on paper chromatography 
with two solvents (butanol-ace tic ac id) 4 
ancl cth yl acetate-pyricline 5 . After extrac-
tion or the substance from the paper follow-
e-cl by hydrolysis with clilute ac id (5 minutes 
at pH 2 at 1009) or with purifiecl invertase, 
gl u cose and fructose wer·e detectecl chroma-
togra phicall y. 
As shown in Table I , equal amounts of su-
crose ancl UDP are formecl in the reaction. 
Thc disa ppearance of UDPG and the forma-
tion o( UDP werc ch eckecl semiquantitatively 
aft-er separation b y paper chromatography 
with etha nol-ammonium ace tate-Versene 6 as 
sol ven t. 
The sam e chroma togra ph ic proced u re was 
t:sccl for stuclying the reversibi1ity. Starting 
with l JDP and sucrose it was found tha t UD-
PG is [ormcd. Its iclentity was checked by 
extracti ng it from the paper ancl measuring 
1. Th is investigation was supported in part by ll 
rcsearch grant (G-3442) from thc National In s-
titules o f Health, U nitecl Statcs l'ubli c H ealth 
Scrvicc, ancl b y the R ockefell er . Fo undlat ion. 
2. L. 1'. LELO IR and E. CAn m , T1115 J ouRNAL, 75, 
5445 ( 1953) . 
3. The abbr-cv iat ions UDPG for uridin e cliphospha-
te gl ucose, ancl UDP for uricline cliphosphate a re 
u sed. 
4. S. i\[. PARTRIDGE, Biochem.. ] .. 42, 238 (1948). 
5 . ~f. A. J ERMYN a nd F. A. I sn ERwooo, Biochem. ]. , 
44, 402 (1949). 
TABLE I 
The compl ete sys tcm containccl 0 .05 ILmole of U DI'G, 
2 J.tmo l-es o[ fructose a ncl ü .05 m l. of enzyme ,0.1 m l. 
of 0.1 M soclium dicthyl barbitura te: fin a l volume, 
0.25 mi.; pH 8.6; incubated cluring lO minutes at 
379. The y va1ues represcnt tbe di((erenc.e in J.tmoles 
with a non -in cubatecl sample. 
Compl ete sys te m 















The e nzym e was obbaecl by extracting wheat germ 
with three volumes of pbosphate bu(fer 0.05 M , pH 
'i. After centrifrging th e supern,a tant was cli a lyzecl 
overnight co lcl ami centrifugecl again. The superna-
ta nt was precipilated twi ce by aclcling 35 g. o [ am-
monium sulfa te per 10ü ml. The precipitare was sus-
pended in wa ter, dialyzed for 2 hours and adjusted to 
pH 5. The precipimte was redissolvecl in water at 
jJH 7. The precipitation with acid was repeatecl 
thrce Limes. The solution contained 40 mg. of pro-
tei n per mi. b Sucrose was esti malecl by the resorc inol 
m clh od 7 a fto· clestroying th e fr uctose by hcating 10 
minutes at 1009 in O.ü l N NaOH. e Determined enzy-
ma ti call y. 2 
the coenzymic act1vJty on galactowaldenase s. 
The elata inclicate that the equilibrium is 
displaced in favor of su crose syn thesis. 
No sucrosc formation or UDPG clisappea-
rance was founcl to occur if glucose-1-phos-
phate was acldcd insteacl of UDPG, or if sor-
bose, al close arabinose or the 1-or 6- phos-
pl13tes of fructuose or glucose were substi-
Lu ted for fru ctuose. 
6 . .E. CAll !U and L. F. LELOIR, ]. Bio!. Che m ., in 
press. 
7. J. H. RoE, ]. Biol. Chem., 107, 15 (1931). 
8. R . CAPurro, L. F. LELO IR, C. E. CARDJNr and ,\ . C. 
l'ALAD !i\; J, ]. Biol. Chem., 184, 333 ( 1950). 
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Although sucrose had been previously ob-
tc.ined by enzymic action, the mechanism of 
the synthesis in plants remained obscure. The 
enLyme which DoucloroH and Hassicl extractecl 
from Pseudomonas saccharophyla catalyzes 
the formation of sucrose from glucose-1-phos-
phate and Iructose, but it has not been pos-
sioie to detect such a reaction in plan ma-
terial 9 . The enzyme described in this paper 
has been Iouncl to be present not only in 
wheat germ but also in corn ancl bean germs 
and in potato sprouts. T es ts for UDPG by 
its coenzymic ac tivity gave positive results on 
wheat germ extracts. 
Moreover, Buchanan , et aZ: lO have publish-
ecl eviclence of the presence of UDPG in other 
pla nts They also suggested that it was en-
volved in sucrose syntes is, probably by reac-
ting with Iructose phosphate to give sucrose 
-t. 
phosphate. The latter substance can be exclu-
clecl as an intermecliate in the reaction cata-
lyzed by the wheat germ enzyme beca use the 
product is all free sucrose and only negli-
gible amounts of inorganic phospha te are 
relea sed (Ta ble I) . 
9. \\T . z. HAssm. "¡\ Symposium on Phosphorus Mc-
Labolism". Thc J ohn s H opkins Prcss, Ballimorc, 
1\fd., 1951, p. JI. 
JO. (a) .J. G. B ucHANAN, Arch B iochem. and Bio-
j;/i ys . 44, 140 (1953); (b) J. G. BuCHANAN, V. H . 
LYNC r r, A. A. B F.NSON, D. F. BRADLF.Y, and M. c ,\ T.VJN, 
]. Bio/. Chem., 203, 935 (1953). 
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GUANOSINE DIPHOSPHATE MANNOSE * 
BY E. CABlB AND L. F. LELOIR 
lnslilu/o de In vestigaciones Bioquímicas, Fundación CamjJonwr 
julián Alvm·ez 17\9, Buenos Aires. A•·genlina 
Uridine cliphosphate gl ucose (UDPG) 1 
has been isolatecl from ycast ancl louncl to 
act as coenzyme in the transformation of ga-
Jactose-1-phosphate to glucose-1-phosphate 
(1,2). Similar compounds in which the glu-
cose rcsiclue is replaced by ga lactose (3), 
acetylglucosamine (4), an amino sugar cl eri-
vative plus amino acicls (5), or glucuroni c 
acicl (6) have been describccl. 
This paper describes the isolation o[ a re-
lated compouncl which was first detectecl by 
paper chromatography of UDPG preparations 
puri[ielcl by anion exchange and which ap-
pears to be guanosine diphosphate mannose 
(GDPM). 
-'!.· 
lsolation of GDPM-The starting material 
was a nucleotide mixture obtainccl from ba-
kers' yeast. The UDPG content has becn found 
to increase by a short perio>Cl of autolysis (2), 
ancl hence in the preparation o[ UDPAG (4) 
it was found convenient to omit this treatment 
in ordcr to obtain a higher ratio UDPAG: 
UDPG. Better results for GDPJVI were obt<li-
ned by including tl! e autolysis step. 
The yeast nucleoticles wcre extracted with 
50 per cen t ethanol, followecl by preci pi tation 
with mercuric acetate. In the preparation of 
UDPG (2) this precipitate was separatecl in 
two fr;:¡ctions, one soluble ancl another inso-
luble in 1 M ammonium acetate. The soluble 
" This investigation was supportecl in part by 
a rescarch grant (No. G-3442) from the National 
InstituW: of Health. United States ]>ublic Hcalth Ser-
vice, klnd by the Rockefcller 17oundill ion. 
1 Thc [ollowing abbreviations wi ll be uscd: UDPG 
for uridine diphosphate glucosc, GDPM for guano-
sine diphosphatc mannose. UDPAG for uridine di-
phosphate aretylglucosamine, Ai\f.P-5' Cor adenosine-
5'-pho. phate, ADP for adenosinediphosphate, UMP-
5' for uridinc-5 ' -phosph ate, UDP for uridine diphos-
ph,llc. G~IP-5' for guanosinc-5'-pho~phate, ancl GDP 
for gua nosine diphosphatc. 
fraction was found to contain most of the 
UDPG and UDPAG, while nearly all the 
GDP.M remained in the insoluble fraction. 
In thc lurther purification of GDPM the 
nucleoticle mixture obtainecl by descomposi-
tion of the mercury salts with H 2S was irac-
tionated with an anion exchange colum. In 
some cases GDPJ\I ancl UDPG were e lutcd 
from th e column in a single peak, aml the 
two substances had to be separatecl by paper 
chromatography. ' Vhen the UDPG content 
of the extract was not very high, as in the 
experiment shown in Fig. 1, a good scpara-
tion was obtained. The GDPM-containing 
fractions were concentratecl by adsorption ancl 
elution on charcoal. The product obtained 
was contaminatecl with a substance having 
the properties o[ guanosine-5'-phosphate. This 
compouncl was probably proclucecl by dccom-
sition of GDPM ,cJuring the concentration 
process, since GMP-5' emerged from the co-
lumn much earlier than GDPM (Fig. 1). 
The two substances were separatecl by iono-
phoresis on starch, after which GDPM was 
¡Hccipitated as the calcium salt. 
Nurleotide Moiety-The ultraviolet ab-
sorption spectrum of the substance is presen-
ted in Fig. 2. The curve is nearly iclentical 
to that o[ guanosine ancl shows the same 
changes in acid ancl in alkaline solution. 
Calculations based on phosphate estima-
tions and on the guanosine content obtainecl 
from 'lbsorbancy values gave two phosphate 
groups per guanosine residue. 
Thc hydrolysis curves of the phosphatc 
groups ;:¡re presentecl in Fig. 3. In 0.1 N acid 
at 1009 50 per cent of the phosphate was 
liberatecl in 120 minutes. There was a break 
in the curve for l N ·acicl at 1009 <t t 50 per 
ccnt hyclrolysis, ancl the seconcl part of the 
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!'le: . l. - Scparation of ycast nucleolides by ion exchange (sce J>reparation 2 undcr ";\fcthods"). Thc 
figures for HCI and :-.JaCI reprcscnt the molarity. Probable identity of the substance in cach peak: 
Peak ll, Ai\fl' -5'; Po,tk IV, UML'-5'; Peak VI, CMP-!í'; Peak VIl, inosinic acid; Peak lX, ADP; Peak X, 
GDJ'i\f plus UDJ' .-\ C; Peak )J, UDPC ; Peak XII , UDP plus unidenUied compound ; Peaks I, lll , V, 
V III , Xlfl , a nd XlV, unidenlifi cd substanccs. 
curve was parallcl to that o[ guanosine-5'-
phosphate. In the case of UDPG, the rate oE 
hyclrolysis of the acid-labüe phosphate group 
is similar to that of GDPM, but the second 
phosphate group is more stable. This agrees 
with the known difference in stability of the 
5'-phospbates of uridine and gua nosine (8). 
Sugm· Moiety. - M ild acid hydrolysis of 
GDPM Jeacls to the Jiberation o[ a reducing 
substance. By paper chromatography of this 
substance with two differents solvent, follow-
ecl by spraying with ani line phthalate (9) or 
benzidinc reage nt (10), a single spot was ob-
tained, o[ which the position on the paper 
F~r : . 2. - ,\bsorplion spcclra of CDI'i\[ ancl guano-
sine. Thc absorbancy va lu e •at thc maximum was 
takcn as equal lO l. Solid ami broken lin es, gua nosine 
(from lh e dala of Hotchkiss (7) ; closed ami opcn 
circles, CDPM. 
r 
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FIG. 3. - Hydrolysis curves for phosphate of GDPM 
in acid at !Oü0 . The perccntJages for GMP-5' were 
divicled by 2 in order to obtain 1,1 curve directly com-
parable with that of GDPM. The broken line was 
obtainecl by subtracting th e valucs for GMP-5 ' fí:om 
thosc for GDPl\f in l N acid. 
ami the color were the same as for autl:-.-entic 
mannose. In order to confirm the identity of 
the sugar, independent methocl, ionophoresis 
on borate-buUered paper (11), was used. The 
1esults are shown in Table l. 
Mannose is very casily liberated from 
CDPM by 0.01 N acid, as can be observed 
in Fig. 4. As unhydro_!:y_zed GDPM in non-
reclucing, it may be concludecl that mannose 
is Jinked to the rest o[ the molecule through 
cc.rbon atom l. 
Acid Hydrol)'sis of GDPM-When GDPM 
was heated cluring 15 minutes at 1009 at its 
own acidity (concentration of the solution, 
2 p.M per ml.; pH about 2.7), all the mannose 
ancl very littlc phosphate (about 10 per cent) 
were liberated. Thus, guanosine diphosphate 
was expected to be present in the hydrolysate. 
Accordingly, chromatograms with two dif-
' ferent solvents showed a slow moving, u1tra-
violet- absorbing spot, which gave a positive 
reaction with the Hanes and Isherwoocl spray 
reagent for phosphate (12) (see Table II). 
The reaction with the benzicline color rea-
gent for sugars was negative, while it was 
slightly positive with GDPM. 
Hyclrolysis of GDPM under the same con-
clitions as above, but during 180 minutes, re-
sultecl in the liberation of about half the tota1 
phosphate and about 10 per cent of the gua-
nine. The latter precipitatecl upon neutra-
lization and was id en tified by its absorption 
spe{;trum. The supernatant liguid was sub-


















F1c. 4. - Liberation of mannose from GDPM heated 
in 0.01 N add at 1009. The value obllained after 15 
minutes was taken as lOO. 
TABLE 1 
Paper Clnomatograj;hy and lonophoresis of Sugar from GDPM 
Jonophoresis was carriecl out on 1a vVhatman No. 
l sheet, 57 cm. long and 9.2 cm wicle. A potenLial 









Rglucose wilh boratc 
buffer 
Glucosc ...... . .. .. . ... . 
Galactosc 
l' ru ctose · . . .......... . 
:\[annosc .... .. . .. . 
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TABLE II 
Pa.per ChmmatogmjJ!zy of GDP a.ncl GMP frotn GDPM 
GDPi\I ... .. ............ ........... . 
GDPM heated 15 min., pH 2.7, 1009 . 
GDPM heatecl 180 min. , pH 2.7, 1009 
Synthetic GMP·5' .......... . ....... . 
Ycast guanylic acicl ................ . 
Radenosinc \'alucs of ~ul t raviolct -::t bsorbing spots 
Ethano l-ammonium 














Action of 5'-Nucleotidase on Gaa.nosine MonoplwsjJ!wte from GDP1\ f 
Thc technique was as described by Cabib et al. (4). The amount of substraLc was 
0.24 ,uM per tu b e. The R uridinc of authentic guanosine was 0.79. . 
Su bstrate added \ Time o( incubation In01ganic phosphatc 
Ruridine of ultr::t -
,·iolct-absOJ bing 
s u b~tanlCS 
----------------------
G\fl' from GDP\f 
Syn thetic G M P-5' 








clifferent solvents. An ultraviolet-absorbing, 
phosphate-containi~g spot was observed. Its 
R adcnosine value was the same as that of syn-
thetic guanosine-5'-phosphate and clearly clif-
ferent from that of yeast guanylic acicl (see 
Table II). 
The position of the phosphate group in the 
guanylic acicl was further confirmecl by treat-
ment with a specific 5'-nucleotidase from 
snake venom (13). As can be seen in Table 
III, both the guanylic acicl obtainecl from 
GDPM ancl synthetic GMP-5' were hyclroly-
zecl by the enzyme, yielding inorganic phos-
phate ancl a substance with an R uridinc value 
similar to that of guanosine, while yeast gua-
nylic acid was not attacked. The small cliffe-
rence between the Ruridinc values oE authen-
tic guanosine ancl of the guanosine obtainecl 
Irom the guanylic acids is to be ascribecl to 
the presence of salts in the enzymatic hydroly-
sates. 








lysis of GDPJ\I in 1 ' acid cluring 30 minutes 
ar 1009 revealed the presence o( a substance 
which behavecl like guanine. The R F values 
with an isopropanol-hyclrochloric acicl sol-
vent (14) were 0.26 for hydrolyzed GDPM, 
0.25 for guanine, ancl 0.39 for adenine. 
Stnlctw·e of GDPM- The analytical data 
for the calcium salt of GDPM appear in Ta-
ble IV. The results correspond to a prepa-
ra.tion o[ about 75 per cent purity of a com-
pound containing one guanosine, two phos-
phate groups (one of them being acid-labile), 
and one mannose resiclu e. 
· The fact that the intact compound is non-
redncing and that a guanosine cliphosphate 
anct GMP-5' are liberatecl by acicl hydrolysis 
suggets a structure similar to that of UDPAG, 
as rcpresentecl in the accompanying formula. 
Sucll a compouncl, after being passecl through 
a cation exchange resin in the acid form, 
shoulcl show on electrometric ti tration two 
l 
·_. 
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TABLE IV 
Analytira.l D ata. for SamjJle of Ca.lciwn Salt of GDPM 
The su lJstancc wm driecl over phosphorus pentoxiclc at 569 during 4 hours. In arder to minimizc thc 
error clue to non-specific ultraviolet-absorbing >i.1bstances, the guanosine concentration was calculatcd 
from the absorbancy at lwo wave-lengths in neutralsolution as follows. Guranosine conccntrat ion (micro-
moles per mi. ) = (A 250 - A/,) (Am,25o - A m./,) X 103, 'Yhere A,,., repr<!sents the absorbancy o[ thc sam-
ple at 250 m,u am,250 the molar absorbancy at 2!í0. The corresponcling valucs at another wavc-length 
rare l'eresented as A;. ami Am,A.· \rVith the data of Hotchkiss (7) the samc rcsults were obtaincd by 
setting ).. equal to -230 or 280 m¡.t ,. 
Component 
~ ! ' h corctic~ 1 fDr 
Ca salt 
\lolcs of com . 
¡:;oncnt; LOta! 
phosp hatc LtkeH 
as 2.00 
Guanosinc ............ . . 
Total ph.osphate ....... . 
Labile phosphatc, 120 min. 
in O.l N acid , 1009 .... 
:\fannosc ...... . 














acill g-roups, one dissociating- as a primary 
phosphat-e ancl the other as the ammonium 
cation of g-uanosine (15). Hydrolysis at the 
points marked a ancl b woulrd yield one se-
conclary phosphoric acid group in each case. 
Besides, h ydrolysis at a and b woulcl liberate 
mannose and inorgahic phosphate respecti-
vely. Therefore, the electrometric da ta were 
compared with the values predicted from to-
tal phosphate, inorganic phosphate, and free 
mannose es timations in samples of the subs-
tance, befare ancl after hyclrolysis. The re-
sults, summarizecl in Table V, while not so 
clear cut as in the paper was usually referrccl 
to the position o[ a n appropriate sLandard 
(glucose, xylose, or ribose for sugars, ancl acle-
nosine or uricline for nu cleotides); thc resulLs 
are given in tbe form. 
R stanrlar<l 
1 1 
clistance travelecl by unkpown 
distan ce trravelecl by standard sub~tan cc 
r-tlon 
1 1 1 1 (" 1 
o o o- o-
CH -C-C-C-CH20-P0-0-PO 
1 
1 1 ' / 
H H H /0 (a) 
N N HC 
~""'-/"... '~ Htfi-C e ""- 1-/0CH 
1 11 CH 1 
N~ /e"'- / 1-101# o 
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TABLE V 
Llectrometric Titmtion of GDPM 
The technique was as descr: bcd previously (2). 











1 ,\ o 5.37 o 
n 15 6.0 
i 
3.51 
e 180 6.2 5.94 






6 .9 3.2 
6.'1 5.0 
• Corrcsponds to thc .dissocialion of a primary phophalc group ami the anunonium 
group o[ guanosine. Titraled to pH 4. :) . 
a Tilrated from pH 4.5 lo 8.2. 
b .\ smaJJ amount o[ alkali ( 1.3 ¡.¡eq .) was used Lo shifl lhe pH from 4.5 lo 8.2,bul 
hu[[ering action was at a minimum around the pH zone o[ econdary phosphale; lhat is, 
from pH 6 to 7.5. Thrcfore, it WaJS assumed lhat lhis amount of alkali \~Yas usecl lo liratc 
impuriti es, rand it was subtraled from all the titrations. 
Preparation of GDPM Preparation 2-10 kilos of bakers yeast were 
PrcjHiration / - In this case a nucleotide submittecl to the same initi al steps as for the 
mixture, obtained as for the preparation of-'·· preparation of UDPG (2). The prccipitate 
UDPAG but from toluene-trcated yeast (950 of the mercury ~alts of nucleotides (Step 2) 
ml. containing about 6000¡.r.M of nucleoticles was cxtracted wuh 1200 mi. of 1 M ammo-
calc ula tecl as uridi ne from the absorbancy at ni u m aceta te. The insoluble fraction was 
260 m¡.r.), was submitted to chromatography ble11cl~d with 1000 ml. of water and decompo-
011 the samc Dowex 1 column prcviously em- s~d '~<~Ith hyclrogen sulfide in the colcl. Aftcr 
ployed for UDPAG (4). Considerable overlap- bltenng, th~ resulting solution was aerated 
ping ocurred bctween the UDPAG ancl UDPG and neutral1zed. It was found by acid hy-
peaks. elutcd with 0.03 N sodium chloride clrolysis o[ small samples, followed by paper 
in 0.01 N J;ydrochloric acid, owing proba- chromatography, that this [raction contained 
bly to the relatively small amount of,UDPAG most of the acid-labile mannose. The extract 
present (e{. Cabih el al.) (4). The fraction (960 ml. , containing about 8000 ¡.r.M, calcu-
corresponding to th e UDPG peak were poo- latcd as above) was run on the Dowex l resin 
let! an:l concentrated as prcviously clescribed column as for Preparation ] (see Fig. 1). 
('1) and then chromatographed on blotting The sustances corresponding to the clifferent 
paper sheets (2¿1) with ethanolammonium peaks were tentatively identified by their ul-
acetatc of pH 3.8. The R ,"''""'; 11 ,. values with traviolet spectra, phosphate content, ancl ·chro-
this solvent were usually about 0.30 for matographic behavior, often by comparison 
GDPi\r, 0.45 for UDPG, ancl O.GO (or UDPAG. with the nucleoüdes isolated previous1y (4). 
Thc blotting paper was prewashecl with the Froii). Peak X about 340 ¡.r.M of GDPM (cal-
samc solvent and then with ethanol and dis- culatecl from the absorbancy at 260 m¡.r.) , 
tilled water successively. After chromatogra- contaminated with small amounts of UDPAG, 
phy, the ultraviolet-a bsorbing zone corres pon- were obtainecl. The substances were concen-
ding to GDPNI was cut off, washecl with etha- trated by adsorption and elution 011 char-
nol to removc most o[ the ammonium ace- coal and precipitated by stepwise adclition of 
tate, and eluted with distillecl water. The yielcl ethanol in the presence of calcium chloride 
was about 25 ¡.r.M. (4) . The calcium salt of GDPM, which is less 
CUANOSINE DIPHOSPHATE ~fANNOSE 123 
soluble, precipitares in the [irst case of UDPG 
aml UD PAG (2, 4), are, however, substan-
tially consistent with the proposed structure. 
DISCUSSION 
Buchanan el al. (16) have reported the 
presence o[ severa! nucleotide-bound hexoses 
in green plants ancl algae. The evidence indi-
cated that glu cose and galactose were present 
as UDP-glu cose ancl UDP-galactose. A com-
bined t:orm or mannose, presumably GDPM, 
was ·al so fou ncl in the same fraction. 
Tbe function o( one o[ these nucleoside-
pyrophosphate-sugar compounds as donor of 
the sugar moiety has been provecl by Dutton 
ami Storey (6). Tbey found that UDP-glu-
curonic acicl acts as a glucuronyl clonor in 
the synthesis of glucuronicles by liver enzy-
mes. ,;\ somewhat similar róle [or UDPG in 
the synthes is of saccharose phosphate has been 
postulated by Buchanan ct al. (16, 17). By 
analogy it may be assumecl that GDP if and 
UDPAG function as clonors of mannose ancl 
acetyglucosamine residues, respectiv.ely, a ncl 
that 'rhey are involved in the synthesis of 
mannan ancl chitin , whir:h are present in the 
ycast wall (18). - " 
Methods 
Mcthods were in general the same as those 
employecl in previous papers (2, 4). 
Paper duomatography of sugars was carried 
out wi th cthy 1 aceta te pyridine-water (3, 19) , 
or with phenol-ammonia (20). The chromato-
grams were sprayed with aniline phthalate (9) 
or benzidine-trichloroacetic acid ( lO). 
For the chromatography of nucleotides and 
Eucleosicles, the ethanol-ammonium acetate 
mixtures a lreacly described (2 1) were u sed. 
In order to counteract the "tailing'' shown 
by some oJ the compounds, a small amount 
of sodillln Versenate (sodium salt of ethylene-
diaminetetraacetic acicl) was aclded to the 
solvents (cf. '1\Talker ;¡ncl 'Varren (22) ). The 
concentration of chelating agent was 10- 2 M 
for the solvent of pH 7.5 an JO-" M for that of 
pH 3.8 . 
/\[ter examination for ultraviolet-absorbing 
spots with a ]\![ineralight lamp, the .chroma.to-
grams were often sprayed Sl.lccessrvely wrth 
bendizine-tri chlo roacetic acid and the Hane~ 
anrl Isherwood molybdate reagent (12) to 
ascertain the posi tio11 of sugar-and phosphate-
C011 taining substances. 
lo11ophoresis on paper of sugars and nu-
cleotides was performed with an apparatus 
similar to that devised by Kunkel and Tise-
lius (23). A 0.05 M borax solution (pH about 
9.2) was employed for sugars (11) and a 
0.05 M ammonium acetate buffer of pH 3.8 
for nucleotides. In chromatographic as well 
as in ionophoretic experiments, the position 
of the substance 011 fractions practically free 
irom lJ DP AG. The preparation thus obta-
ined was contaminated with a substance which 
migrated like GMP-5' 011 paper chromatogra-
phy or ionophoresis. The latter proceclure 
w::~.s se lected [or the preparative separation. 
Severa! Iractions of the calcium salt of GDP [ 
totaling 42 mg., were poolecl ancl clissolved 
in water, after which the calcium was remo-
H:d with ammonium oxalate. The superna-
tant liq u id was submi ttecl to ionophoresis on 
starch as clescribed by Kunkel ancl Slater (25) . 
A starch slab, 45 cm. long X 5 cm. wide 
x 0.5 cm. thick, moistened with 0.05 M am-
monium acetate buffer of pH 3.8, was em-
ployccl. The sample (0.7 ml.) was spotted 
z,t 4.5 cm. from the cathodic end along a 
transversal depression, which was afterwarcls 
1 eplen ished with barely moist starch. Jono-
phoresis was carried out during 6 ho_u:s un-
üer a potential of 750 volts. The posttwn ~E 
the substances was ascertainecl with the Mr-
neralight !amp. The GDPM banc1, which had 
migratecl fas ter toward the anocle, was . cut 
off and extracted with two 75 ml. portiom 
o( water on a Büchner funnel. The water ex-
tracts wcre pooled, evaporated to dryness i11 
vr1c1W, :mcl left cluring 3 days at 359 in :1 v~­
cuum clesiccator containing sodium hydroxi-
de and suHuric acid to remove as much am-
monium acet:1te as possible. The resiclue was 
redissolvecl in water, and GDPM precipita-
tecl as the calcium salt with aqueous ethanol. 
Yield, 21 mg. 
Preparations l and 2 were. rhromatogra-
phica lly identical, but Preparat~on 2 was pu-
rer, as juclged from the analyucal data, ami 
was used for all the determinations. except 
for the :tcicl hydrolysis curve of phosphate 
and t.he iclentification of guanine. 
])ecrradation Prorlurts of GDPM "' . 
Identification of mannose: Ior th~ quanti-
tative tests, GDPM was hydrolyzecl wrth 0.05 N 
124 C.\BlB, LELOIR. 
sulfuric acid cluring 15 minutes at 1009, the 
mixture was neutralizecl with 0.06 N barium 
hydroxicle, ancl the nucleoticles were precipi-
tated by aclding equal volumes of 5 per cent 
zinc sulfate and 0.3 N barium hydroxicle. Af-
ter centrifuging, mannose was determinecl in 
an aliquot of the supernatant liquicl with an 
adaptation of the Schales ancl Schales ferri-
cyanide methocl (26) . 
To obtc:in a so!ution of the sugar suitable 
Jor chromatography or ionophoresis, an ali-
quot o[ Sample B, previously usecl for the 
electrometric titration (see Table V), was 
p<1ssecl successively through ca tion exchange 
and an ion exchange resin coJumns (Dowex 
50 and Amberlite IR-4B respectively). The 
solution was then evaporated in . vacuo, ancl 
s<1mpJes were taken for chromatography or 
ionophoresis on paper (TabJe I) . 
Guanosine Diphosp!wte - Aliquots o[ Sam-
ple B from the electrometric titration (Ta-
bJc V) were evaporated in vacuo and usecl 
lor chromatograph y (Table II) . 
Guanosine J'lionophosphate. - An aliquot 
from Sample C, uscd for the elcctrometric ti. 
tration (Table V), was centri fuged to sepa· 
rate the guanine which had precipitated, and 
tl:e supernatant liquid was dividcd in two 
portions. One was evaporated in vacuo and 
used for paper chromatography (Table II), 
while the other was brought to pH 9 with 
0.3 N barium hydroxide to precipitare inor-
ganic phosphate. After centrifuging, the su-
pernatant fluid was neutralized with sulfuric 
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THF. BJOSYNTHESIS OF SUCROSE * 
BY c..: . E. C..:ARDINI, L. F. LELOIR ANO J. CHlRIBOGA 
f11 slitulo dl' l m >e,tigaciones Bioquímicas, Fundación Camjwmar 
]ulili?l Alr>arez 1719, Ru.enos Aires, Argentina 
1[;¡,-,id , Duodoro[f, and Putman (1-3) di -
<·ovcred an ent.yme in certaín bacteria (Pseu-
dom o"nas sacc//{/rofJltila) which catalyze the 
Jollo\\'i ng reaction: 
G111cose-1-p hosph <lle + frii CtOSC <=:t SII CI"OSC 
+ inorganic phosphate 
Thc en1.yme, wbich was named sucrosc 
phosphorylase, bas not been Jound in plant 
tissu cs (1), ancl thu the mechanísm of su-
crosc c;y n thesi rema i ns ob cure. Evidence ob-
tained J"rom tracer experimcnts Jed Buchanan 
e l al. (5, G) to assume th<~t in plants sueros-e 
phosphate is formed (rom UDPG 1 and fruc-
tosc-1-phospha te. Il? is hypothesis st i mulated 
1vork wh ich led to the discovery o( an enzyme 
which cata1yics sucrose synthesis according to 
the rollowing reaction: 
l ' DI'G + fr11rt0 e <== sucrose + UDP (•1) 
A brie( note (7) reported the preparation 
o[ this emyme Irom wheat germ and its pre-
sencc in ome oth r plant materials. Further-
more, th valídity o( Reaction J was proved 
by thc equivalenc-e between the disappearan-
cc o[ UDPG and the formatíon o( UDP and 
sucrose. A more lctaílecl stucly is reported in 
th is paper. 
Methods 
Analylical - Suero e was estimated by the 
rc·sorcinol methocl oi Roe (8) . The volumes 
• "1 his invcstigation was supporlecl in part b y 
a rcsC'arch grant (No. G 3442) from the Nalional 
Jn . lillttcs oE Heallh , Uniled Slates Publtc Heallh 
crvicc, and b y the Rockcfel1cr Foundation. 
-, "1 he following abbrcviations \He usC'CI: UDP for 
uridinc diphosphate, UDPG for uridine diphosphalc 
g1uw,c, ancl Tris for tri (hyd roxymethyl) aminome-
lhane. 
taken wcre rccluced LO one-(ourth, ancl the 
color was measurecl at 190 m¡..t. In orcler Lo 
avoid the interference or fructose, the am-
ples werc hea tecl lO minutes at J 009 after acl-
cling suiJicícnt soclium hydroxide to make the 
wncentr<,ILion 0.2 l'". \Vhile 2 ¡..tmolcs of (ruc-
tose were (ouncl to g ive no color with resor-
cinol after this treatment, sucrose remaíned 
u nal"l"ected e ven when the caneen tration of 
alkali was 0.5 N. High concentratíons o( mo-
nosa ccharícles yie1d some color, even after al-
ka1ine treatment, but this can be correctecl 
by the use o( suitable blanks. 
Th methocl of Kunitz and l\[cDonald (9) 
was [ollowed for protein esLimation. 
Suústral es - UDPG ancl DP were prepar-
d as descríbed previou ly (10). The sugar 
were commercial samples. 
Estimal-ion of Enzyme - The following 
components werc mixed: 0.5 ¡..tmole o[ UD-
PG, 2 ¡..tmoles of fructo e, 0.01 ml. oi 2 M Tris 
buffer of pH 7.2, ancl variable amounts o[ 
enzyme; total volume, 0.15 ml. After 30 mi-
nutes at 379, water was added Lo 0.5 ml., fol-
low el by 0.02 ml. oi 5 N soclium hyclroxide. 
After cardul mixing, the tubes were heated 
10 minutes at 1009 and sucrose was e timat-
ed. An equal sample, in which UDPG wa 
acldecl after the incubation, ancl ucrose stan-
clards (0.1 to 0.2 ¡..tmole) were run at the 
same time. 
Planl Nialerial - Beet, weet sorghum, or 
pea seeds were allowed to germinate 4 to 5 
days at 309 under light on wetted cotton. 'I11e 
shoots were then grouncl, ancl the solicls were 
removed by Iil tra tion through muslin. The 
líquid was then · treated with ammonium sul-
fate, and the fraction obtained between 0.25 
and 0.60 aturation was redissolved and dia-
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TABLE I 
Purifica/ion of EnZ)'IIIP 
Fraction 
l. Crudc exlract ..... . 
JJ. lst ammoni um sulfate .. 
I II . l\fanganous eh loride . . . . 
IV. 2and mnmonium sulfate 















LOS l. 16 
lOt 1.80 
72 2.4f 
1 unit is defined <ls the amount of cnzyme catalyzing 
the formalwn of 1 ttmole of sucrose in 30 minutes under 
the condilions described in the text. 
2 Expressed in units per mg. of protein. 
st irring at 59 during 4 to 5 hours. The liquid 
was centr ifuged again as befare (Fraction I, 
crude extract [Table I] ). 
The supernatant sÓlution was made 0.5 sa-
turated with sol id ammonium sulfate, and 
the precipitate obtained by centrüugation 
was dissolved in half the volume of Fraction 
I of water and dialyzed overnight at 59 aga-
inst distilled water (Fraction II). 0.1 volume 
e [ 1 M manganous chloride was added, ancl 
the suspension was stirred during 30 minutes 
at 09. After centrifugation the supernatant 
fluid (Fraction III) was made 0.3 saturated 
with ammonium sulfate, and the precipitate 
was discanded. Ammonium sulfate to 0.5 sa-
turation was added, ancl the precipitate was 
dissolved in half the volume of Fraction III 
of water ancl dialyzed during 1 to 2 hours in 
the cold with constant stirring (Fraction IV) . 
lyzecl ovcrnight in the refrigerator against clis- Alumina (Cy) (usually 0.1 volume o( a 
tilled water. The protein content of the ex- suspension containing 50 mg. of clry weight 
tracts was found to decrease with the age of per ml.) was added to the liquid, and the pre-
the plantules. cipitate was discar.c!ed. To - the supernatant 
Sugar cane shoots (2 to 3 cm. long) ancl fluid more alumina was added (0.2 volume), 
roots were obtained from stem cuttings which and the precipita~e was aga~n discarcled. The 
had been kept in the laboratory on wettecl supernatant s_olut ion . (Fractwn VI) was the 
cotton at 309. The extracts were preparecl as~"best preparauon obtamed (Table I) . 
describecl above. 
Purification of Wheat Genn Emyme - 30 
gm. o( commercial wheat germ ancl lOO ml. 
of 0.05 M phosphate buffer of pH 7.2 were 
mixecl in a blender. The suspension was ·cen-
trifugecl 15 minutes at 16,000 r.p.m., ancl the 
supernatant fluid was dialyzed with. constant 
"' O lO 
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Fig. l. pH optimum curve. System as described in 
thc tcxl with Tris or acetate buffer at 0.15 ~~ final 
concentration . Incubated 15 minutes at 379. The pH 
was dctenn :ned on aliquots wilh ¡;¡ glass electrode. 
016 
R esults 
Propcrties o[ Enzyme - In cruc.le extracts 
nearly all the activity coulcl be recovered in 
the precipitare from aclding acetic acid to 
pH 5. However, no appreciable purification 
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Fig. 2. Influence of fructose concentration. System 
as described in the text. The amou nt o( purified en-
zymc corresponded lo 0.18 mg. protein. l~ructose con-
centration as indi cated. Section at right, a Linewea-
ver-Burk (22) plot. Km = 2 3 X 10-3. 
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Heating lO m inutes to 609 led to nearly 
complete dcs truction of thc wheat germ en-
:~.yme. Considerable destruction was found to 
take p lace on precipitation with acetone, even 
a t low temperature. The enzyme could be stor-
cd for months in the frozen state without 
much loss of activity. 
lnhibitors - The following substances dicl 
not affect the activity: arsenate, arsenite, fluo-
ride, iodoacc tate, citrate, or pyrophospate at 
O.Ol M concentration; calcium, barium, or 
magncsium ions at 0.05 M concentration; ph-
lorizin, 8-hydroxyquinoline, or ethyleneclia-
minetetraacetate at 0.2 saturation. 
pH Optimurn - As shown in Fig. l , th e 
highest activity was obtained a t pH 7.2 with 
0.15 M Tris buffer. 
Substrate Concentmtion - The result of an 
cxperi ment with different concentrations of 
[ructose is shown in Fig. 2. If the amount of 
5ucrose formecl is taken as a measure of rate 
of reaction, calculation of the Michaelis con-
sta nt was 2.3 x 10-3. A 2-fold increase of UD-
PG concentra t ion di el not a[fect the rate of 
reaction. 
Speri[icity - No substancc reacting like su-
erase was foun'd to ··b'e formecl when UDPG 
was replacecl by glucose-1-phosphate, fructo-
se- 1-or 6-phosphate, UDP-acetylflucosamine 
(11), or g uanosine diphosphate mannose 
(12) , or when fructose was replacccl by sor-
base or by fructose-6-phosphate . However, the 
latter was true for only a few of the prepara-
tions obtained. This point will be clealt with 
in the following paper. 
In other tests, the clisappearance of U.DPG 
was measured by a method basecl on its ac-
tivity as cogalactowaldenase ( lO) . When fruc-
tose was aclded to the wheat germ enzyme 
ancl UD PG, the disappeara nce of the latt-er 
was increased. No increased disappearance was 
observecl if fructose was replaced by o-gluco-
se, o-galactose, o-mannose, o- or L-arabinose, 
n-ribose, or inositol. 
R eaction Pwduct - The isolation of crys-
talline sucrose was not attempted, sin ce i t 
woulcl have requirecl considerable amounts of 
UDPG. However, the tests which have been 
carried out make it reasonably c.erta in that 
the product is sucrose . 
Paper chromatography of the reaction pro-
ducts revealed the presence of a substance 
wh ich gave the RF value of sucrose (Table II). 
This substance was absent in controls in which 
the fru ctose or the UDPG was adclecl at the 
encl of the in cubation periocl. The substa nce 
behaved like sucrose when the papers were 
developecl with the alkalin c silver (13), re-
sorcinol (14), or benzicline-trichloroacetic 
acid reagents (15). 
J n other experiments, the react ion pro el uct 
was isolatecl by paper chromatography. The 
substance was found to have no rcclucing po-
wer ancl to behave like sucrose during paper 
chromatography. After milcl acicl h ydrolysis 
(5 minutes, pH 2, 1009) or after treatment 
with yeast invertase, glucose ancl fructos·e 
coulcl be cletcctecl chromatograph ically. 
vVith the solvents usecl for papcr chroma-
tography (ethyl acetate-pyridin e-wat-er (10:5: 
6) (16) and butanol-acetic acid-water (17) 
ancl with the reagents used for revealing the 
spots, sucrose can be easily d istinguishecl from 
maltose, trehalose, la e tose, and raffi nose. 
TABLE II 
Paf;er ChmmatogmjJhy o[ R eacl ion Product 
R xylosc 
Pyridinc-cthyl aceta te 
1 
13utanOJ·a Cetic acid 
Complete .system .. 0.82 0.94 0.32 0.80 
No U DPG " • o ••• o 0.93 0.82 
" 
fructose • • . • o. o 0.93 0.83 
Sucrose • • . .••• o. o 0.82 0.32 
Giucose . . ' .... . .. 0.87 0 .58 
Fructosc ••••••• o • • 0.93 0 .82 
Malto.e . . . . o 72 0.20 . . . . . 
Trelm los~ . . . . . . . . 0.75 
" Adde-d at the end of the incubation period. 
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TABLE III 
Acid H ydrolysis of Reaction Product 
·r he ,;1m ples (0 . 18 1-tmole) we re heatcd at 1000 111 
mi. of 0.1 M glycinc-hydrogcn chloridc buffer of 
pH 2.2'i. Samples of sucrose wcre run at the same 
time undrr iclentical conclitions. Thc reclucing power 
was measured wilh ferricyaniclc (23) . R csults in per 
ccnt hydrolysis. 
Sucrosc ........ . . 
Rcaction procl uct .. 




4 n1in . 
70 
73 
G min . 
82 
85 
The rate of acid hydrol ys is of a known 
s~mple ol sucrose was com pared u nder iden-
ucal conditions with a sample of the reaction 
prod uct; both substances h ydrolyzecl a t the 
sa mc ratc (Tablc III) . 
R.J'<1eJsiúility - In order lO detect the re-
versi bil it y, th_e back-reaction was investigated 
by starttng wJth 5 ,..moles of sucrose 2 moles e , ¡.t 
O t UDP, and enzyme. The mixture was de-
proteinized with trichloroacetic acid, and, af-
ter extracting the latter with ether, the sa:tii-
ples were chromatographetl on paper with an 
etba nol-ammonium acetate solvent of pH 7.5 
(18) containing 0.01 M ethyl enediaminete-
traa ce tate . A spo t having the same mobility 
as_ UDPG wa_s visible under ultraviolet light. 
Alter extracuon of the substance from the 
paper, UDPG was cstimated by its cogalac-
towaldenase activity and absorption at 260 
m,... T he amou nt obtainecl was about 0.05 
¡..tmolc. Contro l samples in which one of the 
reactants was omittecl cluring the incubation 
gave no UDPG spot or cogalactowaldenase 
activity. 
Many attempts to obtain a precise figure 
(or the cquilibrium constant were carriecl out 
by starting with known mixtures of reactants 
ancl products. The reclucing power or the su-
crose content of the samples was measured 
be(ore aml a(ter enzyme action. A small cor-
rection had to he a pplied, owing to the libe-
ration of reclucing power from sucrose, which 
occurred even with the most purifiecl enzyme 
prepara t ions. i\Iany experim ents were car-
rriecl out in this manner, but the results were 
not consistcnt and the value for K = (sucro -
<:e X UDP) 1 (UDPG X fructose) varied from 
2 to 8 a t 379 and pH 7.4 m clifferent expe-
riments. 
Distúb ution - The cletection of the enzy-
me in some plant tissues is difficult, owing 
to the presence of sucrase. However, it has 
been possible to obtain extracts from many 
sources which catalyze the formation of su-
crose, ancl in general seeds were the best ma-
terials lor the preparation of the enzyme. 
Qu antitative measurements were carriecl out 
with sorne extracts, ancl the results were as 
follows (in mio·omoles of sucrose formecl in 
30 m in u tes per mg. of protein) : beet shoots 
0.6 to l.O, sweet sorghum shoots 0.7 to 4.0, 
sugar cane shoots 0.25, sugar cane roots 2.4 
to 3.0, pea shoots 0.35. Qualitative tests for 
the enzyme were positive with the following 
materials: pea, pinc, ancl fenugreek seeds, corn 
germ, potato sprouts, ancl barley shoots. Ne-
gative or non -reproducible results which may 
be attributecl to interfering enzymes were ob-
tai necl with sugar beet ancl ca nc sugar lea ves 
and with beet roots. 
DlSCUSSJO¡ 
The equilibrium constant o[ the sucrose 
phosphorylase rcaction has been found to be 
0.05 3 at pH 6.6 ancl 309 (4) . This clisplace-
me nt in favor of the monosa ccharides makes 
the enzy me appropriate [or the utilization of 
sucrose, and this is probably its main lunc-
tion in P. saccharoph ila. In contrast, the equi-
librium o[ the reaction starting with UDPG 
ancl fructose is in favor of sucrose synthesis. 
Accurate values have not be-en obtained, but 
the t:.F9 at 379 can be estimatecl to be about 
- l 000 as com pared to + 1770 Ior sucrose 
phosphorylase. 
The enzyme has been founcl in many plant 
materials, and hence we may conduele that 
it catalyzes a reaction which is fairly general 
in the plant kingclom. Thus, the enzyme is 
probably involved in the formation of suero-
se b y pea extracts cletectecl by Turner (19). 
However, the synthcs is of sucrose from lruc-
tosc anc.l UDPG is not the only pathway in 
plants since, as reponed in the (ollowing pa-
per, another enzyme catalyzes the synthesis 
of sucrose phosphate from fructose-6-phospha-
te ancl UDPG, and the reaction procluct can 
be translormed into sucrose by phosphatasc 
action . 
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Accordi ng to modern nomenclaturc (20), 
the enzyme might be named UDPG-fructose 
transglycosylase. Following the suggestion of 
von Euler (2 1) that enzymes might receive the 
name of the subs tratcs which they synthesize, 
with the ending changed to ese, another pos-
sible name is saccharesc. This shorter alterna-
Live is used curren tly in this laboratory. 
SUMJ\If ARY 
A wheal germ enzymc which cata lyzes the 
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THE BIOSYNTHESIS OF SUCROSE PHOSPHATE * 
BY L. F. L ELOIR AND C. E. CARDINI 
In stituto de Invest igaciones Bioquímicas, Fundación CamjJoma:r 
]ulidn Alvarez 1719, Buenos Aires, Argenti11a 
The enzyrnic forrnation of sucrose frorn 
UDPG '1 and Iructose has been clescribecl in 
the preceding paper (1) . While sorne pre-
parations of the enzyrne werc founcl to be al-
most devoicl of action of fructose-6-phospha-
tc, other extracts catalyzed the forrnation of 
free sucrose either from fructose or frorn its 
phosphate. Since these extracts contain phos-
phatase, i t seernecl likely tha t the action on 
fructose phosphate was the sum of Reaction 
1 plus Reaction 2. 
rructose-6-phosphate + H,O ~ frn ctose + inorga-
nic phosph1ate (1) 
UJWG + fructose ~ ~:ucrosc + UDP (2) 
However, further work has shown that it 
is possible to obtain enzyme preparations 
which catalyze Reaction 3. 
l j DPG + fructose-6-phosphate ~ su r.ro~e phosphatc 
+ UDP (3) 
Phosphatase acts on sucrosc phosphate ac-
cording to Reaction 4. 
Sucrose phosphate ~ sucrosl' + phosphatc (4) 
Crude extracts of wheat gcrm catalyze all 
four r·eactions, and it has not been possible to 
obtain a complete separation of the enzyrnes. 
N evertheless, with sorne of the preparations 
thc rate oí Reaction 3 was ?. or 3 times faster 
than that o( Reaction 2, ancl sucrose phospha-
te has been obtained in amounts which have 
"' This invcstigation was supportecl in part by a 
rcsearch grant (No. G-3442) from thc National Instilll-
tes of Health. Unitecl Statcs Hea1th Scrvice, ancl by 
the Rockefeller l~oundation . 
1. The [ollowing abbreviations are usecl: UDP [or 
uridine dipho phate, UD.PG for midine cliphosphate 
glucose. Tris for tris (hyc!roxymethyl) aminomethane, 
ami TPN for triphosphopyridine nucleoticle. 
allowetl the determination of its structur'e 
with reasonabJe certainty. 
Methods 
P.repamtion of Enzyme - The rnethocl of 
separation of the enzymes acting on fructose 
and on Iructose phosphate was based on the 
observation that the fructose phosphate en-
zyme has a greater tendency to become inso-
luble when dialyzed against water. The pro-
ceclure described in the preceding paper was 
us_ed, hut with some changes. The mixing 
w.tth a bJencler was ornittecl, thus making cen-
trifugation at high speed unnecessary, as well 
as the first clialysis. The wheat gerrn, 100 gm., 
was suspended in 300 rnl. of 0.05 M phospha-
te buffer of pH 7.1 and left standing at 59 
cluring 1 hour. The paste was centrifugecl 15 
minutes at 3000 r.p.m. Without dialyzing, the 
supcrnatant fluid was treated with ammo-
nium sulfate, manganous chloride, and am-
monium sulfate again, as previously clescrib-
ec. The precipitare obtainecl in the second 
arnmonium sulfate treatrnent (Fraction IV) 
was clissolved in the smallest possible amount 
of water ancl dialyzecl overnight at 59 against 
severa 1 changes of distilled water. The pre-
ci.pitate was separatecl by centrifugation and 
washed three to four times by suspending 
in 1 ml. of clistillecl water and centrifuging. 
Thc precipitate was then extractecl successi-
vely with 2 ml. of 0.05 M and 0.1 M ammo-
nium sulfate. The pooled extracts were dia-
lyzecl overnight. The precipitate was washecl 
a nd extractecl successively with 2 m l. of am-
monium suHate at the concentrations shown 
in Table I (Preparations 1 to 4) . In some ca-
ses, the precipitation by dialysis and extrac-
tion had to be repeatecl in order to obtain 
a preparation with a low content in phospha-
tase and in UDPG fructose transglycosy~ase. 
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TABLE 
Pnrification of Enzyme 
Thc ~cliv'ty is expressed in mi cromol es of total s u cro~e (free plus e;tc rified ) form cd m 30 minutes 
per mg. of p rotc in under Lh e conditions cl escr ibed in thc tex t. 
Act ivi ty on 
Jl 
Prcparat !on Protcin -
. 1 Fructosc 6- ¡¡ Y. ructosc phosphatc 
(rl) (/! ) 
mg. jJer ·m/. 
Fra cl ion 1 V .... 23 1.16 0.20 r>.s 
l. oo:; '" ( NH ,),SO, ex tracL 40 '0.70 0.65 1 1.06 
2. o 1 22 o 50 0.9ü 2 0.:;;; 
3. o 1 JO 0.40 1.20 10.33 
4. o 1 4..4 '() 90 J.lú 0.82 
1 and 2 6:) anr l 82 per cent , respect;,·e iy, o f th e total sucrose formed was esterifi 2d. 
An({/yticn l - Sucrose phosphate was esti-
mated as clescribecl b y Cardini et al. (1) with 
a sucrose standard. In order to distinguish 
sucrose from its phosphate, the samples were 
a nalyzed with and without precipitation with 
th e zinc suHa te-bari um hydroxide reagent 
(2). The Fiske a ncl Subbarow (3) m ethod 
was used for the estimation of phosphate. 
Fructose-6-phosphate was estimatecl by- us-
ing a preparation of glucose-phosphate dehy-
d1ogenase (4), which a lso contain ecl phos-
phohexose isomerase. 
Substm tes - Fructose-6-phosphate was a 
commercial sample. A synthetic sucrose phos-
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F IG. l. - Influence of fru cLose-6-phosphate c.oncentra-
tion . System as clescribecl in th e text. The a mount _of 
pm·ifiecl enzyme corresponcls to 'Ü .05 m g. of pr.otem .. 
Fructose-6-phosphate concenLration as indicat-ecl. In -
cubated 30 minutes at 379. Section at right, a Line-
weaver-Bu rk (18) p lot. Km = 2.2 X !0.3. 
o[ sucrose as clescribcd by Neuberg ami Pol-
lak (5) . 
Fru ctose- 1-phosphate was syn thesized ac-
corcling to Raymoncl and Levene (6) . 
Eslimation of En.zyme - The proceclure 
was as described in the previous paper, bu t 
the pH of the buffer was 6.4 and fructose-6-
phosphate was used instead of fructose. 
Results 
Prope1ties of Enzyme - A comparison ot 
"sucrose'' forma tion from free fructose and 
fructose-6-phosphate with cliffercnt prepara-
ti ons of the enzyme h as shown that the ra tio 
of activities can vary from 5.8 to 0.33 (Tab:c 
1) , ancl this is considere-el proof that two clit-
ferent -enzymes are involvecl. Even the best 
preparations still contained some phosph ata-
se, ancl h ence the reaction procluct was usual -
ly a mixture of sucrose phospha te ancl free 
sucrose. This contamination clecreased consi-
cl erably the yield of sucrose phospha te, thus 
rendering the isola tion more clifficult. The 
substitution of fructose- 1-phosphate for fruc-
tose-6-phosphate as a subtrate for the enzy-
me led to a great decrease in the yie lcl of 
"sucrose'', most of which way free. Neverthc-
less, there was a small amount which appear-
ed to be esterifiPd, but this point coulcl not 
he clarifiecl beca use the sample of Eructase-1-
phosphate contaimd a small amount of the 
6 ester ancl because of the presence of phos-
phatase. This point will have to be investí-
gatee! further . 
The effect oE changing the concentration 
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o( fructose-6-phosphate is seen in Fig. l. Cal-
cula tion o( the apparen t Michaelis constan t 
gave a val u e of 2.2 X 10-3 . Fig. 2 shows the 
influence of changing the pH. The optimum • 
was at pH 6.4. 
5 8 
p# 
Flc. 2. - pl-1 optimum curve. Systcm as dcscribcd in 
th c lcxl w ith Tris or acelate buffer al 0 15 M final 
conccntration. Tncubaled 60 minutes at 379. Thc pH 
wa·; determined on aliquots with a g l ~ss c lectrode. 
fsoiation of Reartion P1'0duct - After ma-
ny preliminary trials with paper chromato-
graphy and e:ectrophoresis, the separation of 
tlw reaction product was carried out by anion 
exchange chromatography. The methocl of 
Khym and C.:ohn (7) with slight moclifications 
\\as u sed. The e[[] u en ts were a na! yzed by the 
resorcinol method (8), with and without pre-
vious alkaline treatment, and by ultraviolct 
absorption at 260 m0 . The procedure was as 
(ollcws: The reaction mixture was prepared 
by mixing 160 0 moles of UDPG, 500 0 moles 
of f'ructose ·6-phospha te, ancl 8 mi. of enzyme 
(total volume, 40 mi.) and incubating 1 hour 
aL 379. The prot-eins wcre coagulated by heat-
ing and filterEd. The solution was passed 
through Dowex 50 ancl neutralizecl with am-
monia. Jt contained 40 ¡J.moles of "sucrose 
phospha te '' in 155 m l. This was percola ted 
into a column of Dowex 1 in the chloricle 
form (4.15 sq. cm. X 12 cm.) , followed by 
300 m l. of 0.001 M ammonia. All the orga n ic 
p1-.osphate was retained in the column. Gra-
dient e1ution was carricd out with an 
apparatus similar to that described by Alm, 
'\'\TiTJiams, and Tiselius (9) by aclding 0.03 M 
ammoni um chloride toa 500 m!. mixing cham-
ber fillcd with a solution containing 0.025 M 
ammon ium ch loricle ancl 0.01 M soclium bo-
rate. Free sucrose ancl sorne ultraviolet-ab-
sorbing substances emerged first, ancl, a(ter 
450 mi. hacl passecl through the column , "su-
erase phosphate" began to emerge and was 
collected in 315 mi. Fructose-6-phosphate was 
retained even after severa! liters of this solvent 
hacl been passecl through the column . The tu-
bes contain ing "sucrose phosphate" were poo-
led, and the solution was passed through Do-
wex 50, neutra1izecl with ammonia , and eva-
poratecl to cfryncss under vacuum. The óorate 
was then removed by 3-folcl addition of me-
thanol and vacuum clistillation. Thc product 
was dissolvecl in water, passed through Do-
wex 50, a nd neutralized with calcium carbo-
nate. After filtering, thc liquid was evaporat-
ed to dryness. Extraction with 95 per cent 
cthanol removed the calcium chloride, leav-
ing the calcium salt of "sucrose phosphatc''. 
The latter was dissolved in 1 m!. of water, 
clarified by centrifugation, ancl precipitatecl 
with 6 volum es of ethano1, washed with etha-
no1, ancl clried. About 17 mg. of a white pow-
der were obtainecl. The "organic phosphate" 
content was 1.4 ¡.tmo1es per mg. (theoretical 
for the a nh ydrous Ca salt = 2.44). The fruc-
tose-phosphatc ratio was 0.90. 
Properties of Reaction Product. - The pro-
duct obtainecl was founcl to have no reclucing 
power or ultraviolet absorption at 260 m0 . The 
estimation of fructose by Roe's (8) resorcinol 
methocl corresponded to 90 per ccn t of the 
organic phosphate. It is known that fructose 
esters gi ve less color tha n free frucLOse; thus 
Lutwak <(nd Sacks (10) obta inecl values as 
low as 58 per cent for fructose-6-phosphate 
ancl 87 pcr cent for fructose cliphosphate, ancl 
there is always some uncertainty in respect 
to the purity o( the samples. 
The sustance is stable to alkali . Thus. no 
phosphate was liberatecl by heating in 0.5 N 
alka1i during 30 minutes, in contrast to fruc-
tosc phosphates (Table II) . The fructose con-
tent estimatecl by the resorcinol methocl clicl 
not change a[ter heating JO minutes in 0.2 N 
alkali cluring 10 minutes. The rate of remo-
val of the phosphate group by l N acid at 
1009 is similar to that of fructose-6-phosphatc 
ancl clearly cli[[ercnt from that of fructose-1-
phosphate and of synthetic, sucrose phosphate, 
which is a mixture of isomers (Tab1e Il). 
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The appearance of reducing power during 
;:~cid hydrolysis was measured (Fig. 3). Under 
those conditions, sucros·e was hydrolyzed about 
5 times fas ter than the "reaction product". 
The "reaction product'' does not reduce TPN 
when incubated with glucose dehydrogenase 
plus isomerase (Table III) . However, reduc-
tion of TPN takes place with the product 
of hydrolysi . 
The results of experiments by paper cluo-
matography (Table IV) may be summarized 
as Iollows: Mild acid hydrolysis gives glucose 
spot and a phosphoric ester spot, but no free 
fructose. Treatment with kidney phosphatase 
or with a crude cxtract of wheat germ in the 
presence of Mg+ + results in a substance mi-
grating like sucrose. Hydrolysis of this "su-
erase" with acid or with yeast invertase gives 
glucose and fructose. Other experiments show-
ed that the ''reaction product" can be sepa-
rated from fructose-6-phosphate by paper chro-
matography with severa! solvents. Thus, with 
methanol-formic acid (11) or with ethanol 
ammonium acetate of pH 3.8 (12), it migrates 
at about 75 per cent the rate of fructose-6-
phosphate. Abou t the same separation could 
be obtained by paper electrophoresis with bo-
rate buffer (13) . These procedures were not 
used for the isolation of the substance be-
cause there was overlapping with ultraviolet-
absorbing substances. 
TABLE JI 
A cid a11d A !kaline H ycl,·olysis 
Thc res ults represcnt the pcr cent of organic pbosplmtc libcrated. 
Alkaline hydrolysis was carriecl out with soclium h ydroxidc in silver test-tubes. 
] N sul(unc aca.l 
1 
0.5 N a1kali t· Hw;,, at IOOo 
10 mm 120 mm . 1 30 miu.¡ GO min.¡15 mn1. ¡ :lO m in. 
l'nlclose-1 -phosphatc . . ........ 77 87 lüO 92 100 
Fructose-6-phosph ate . . ........ 13 22 76 78 
R eaction procl urt ... . . . ... ... ' 10 25 o () 





~ • ... o K.o.oo~ 
"' ~
"' 40 .... 
>: .... 
V 20 "' .... 
" 
10 ~ l O l OO 
HINIJTCS 
1'1c. 3. - Acid hyclrolysis o[ reaction procluct. The curves represent Lhc Lheorctical valucs calculated for 
a first order reaction (log10 ancl minutes). The points correspond Lo the results obt;1ined by incubaling 0.15 
¡.unole of substance at 37<:> in 0.9 N hydrocbloric acicl.A[Ler the speci[iccl Lime, the samples were neulra-
litecl ancl the reducing power was rneasured b y Lhe (erricyanidc m<"lhocl (19) . Samples which werc bcaL-
cd 4 minutes at 100'! in 0.9 N acid were consiclcrecl to givc Lhe valuc [or lOO pcr cent hyclrolysis. 
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TABLE IIJ 
R eduction of T PN by R eaction Product after H ycl!·olysis 
The substanccs were mixed with with 0.15 ¡.¡mole of TPN, 0.4 ml. of 1 p er cent sodium bioarbonate, 3 
mg. of Zwischenferment, and wa ter to 2.5 mi. The' TPN reduced was cakulated from the increase in 
absorbancy at 340 m¡.¡. Results in micromoles. 
Su hstdncc 
1 
TPN reduced 1 
(.1 ) 
Substa nce 
added ( l ) 




l~ructose-l · phosphate . ...... . 
Reaction product . . .. .... . .. . . 













t1 Calculatecl from the organic phosphiate content. 
2 Heated 5 minutes at 1009 in 0.1 N acid. 
TABLE IV 
Pap e1· Cltromatography of R eaction Product 
Sol ven t, n-bu tanol-pyridine- water, 6:4:1.5. Benzidine-trich1oroacetic acid reagent (20) as developer. 
R cactio n produ ct .. .. . .. ... .. .. ... . . . . 
+ acid hydrolysis• .. . 
+ kidney phosp1mtase 
!.:..,, + crude whea t germ . 
+ kidney phosphatase 
invcrtase .. . .. ... . .. .. .. . .. .. . .. . 
Su crose .... . ............ ..... . . .. .. . . . 
, + invertase . .. . .. . . . . . . . . .. . . 
Fructose . . ..... . . ... . . . .... . ... . . 
Glucose .. .. .. .. . ..... .. . . ... ... . . . . . . 
























" H eated 5 minutes in 0.1 N acid at 1009. 
The reaction product was found to remain 
unaffected after treatment with yeast or ho-
ney invertase. The latter finding was unex-
pected, since honey invertase (14) is believed 
to be specific for the glucose moiety of the 
substra te. 
DISClJSSION 
It can be concluded that the reaction pro-
duct is sucrose with a phosphate group at po-
sitian 6 o[ the fructose moiety, because de-
phosphorylation with phosphatase produces 
a substancc behaving like sucrose, and mild 
acid hydrolysis gives free glucose and a fruc-
tose es ter which behaves like fructose-6-phos-
phate when treated with acid or with isome-
rase plus glucose dehydrogenase. However, it 
should be pointed out that the samples ob-
tained were on1y about 60 per cent pure, as 
judged by th e phosphate content of the cal-
cium salt. Further purification was not at-
tempted because only small amounts were 
available. A point of interest is that sucrose 
phosphate is more stable to acid than is free 
sucrose. Thus, the ratio of the hydrolysis 
constants for the glycosidic links, (K for su-
crose) 1 (K for sucrose phosphate) , is 5 in 0.9 
N acid at 1009_ It was found previous1y (15) 
that the ratio of the hydrolysis constants of the 
phosphate in position 1, (K for glucose-1-
phosphate) 1 (K for glucose-1, 6-diphosphate), 
is 4 in 0.25 N acid at 379. In both ca es, the 
phosphate group at position 6 stabilizes the 
substituents at the other end of the mole-
cule. 
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The sucrosc phosphate detected b, buc,:ha-
nan (16) was believecl to yielcl fructose-1-
phosphate by hydrolysis, and hence it would 
be different from the product described in 
this paper. 
A study of the distribution of the two en-
zymes which lead to the synthesis of sucrose 
would be of interest Ior plant physiology, but 
is difiicult to carry out, owing to the presence 
o[ in terfering enzymes (phosphatase and su-
erase) . Studies on green leaves with labeled 
substrates (17) have shown that the labels are 
introducecl into both halves of sucrose be-
fore appearing in the free monosaccharides. 
This woulcl pro ve tha t free fructose is not in-
volved clirectly in the synthesis, were it not 
for the fact that the same experiments de-
monstratecl that most of the sugars in leaves 
are stored in a metabolically inert compart-
ment. Thus the introcluction o( the label in 
free fructose at the site of synthesis might 
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ENZYMES ACTING ON GLUCOSAMINE PHOSPHATES * 
Bv L. F . LELOIR AND C. E. CARDINI 
l nsl ituto de In vestigaciones Bioquímicas, Fundación Campo mar 
Rnenos A i1·es, Argentina 
Uricline disphosphate acetylglucosamine was 
first isolatecl from yeas t 1 and h as been cletec-
ted in m ammalian liver 2 3 4 5 ancl hen ovi-
cluct 6 A speci[ic pyrophosphory la se has be en 
found 5 to transform it into uricline triphos-
ph ate and acetylglu cosamine-1-phosphate, so 
that the latter is likely to b e a normal meta-
balite in mammals. In orcler to make this 
ester ava ilable for enzymic stuclies, a ch emical 
methocl for its synthesis has been cleveloped, 
following a proccclure inspirecl by that used 
by CoRI, CoROWICK AND CoRr 7 Ior the pre-
paration o( g lucose-1-phosphatc. 
Acetylglucosamine-1-phosphate was tirst tes-
tecl with an enzyme- Trom NeumSipom ancl 
fo und 8 to be convertecl to ace tylglucosamine-
6-phosphate. This enzyme which is ac tivatecl 
by the r,6"disphosphatcs of glucose or ace-
tylglucosamine has been stucliecl by R E ISS IG 9 _ 
lL h as now been observecl that similar chan-
ges are catalyzed by m ammalian enzymes thus 
giving rise to acety lglucosa min e-6-phosphate. 
This su bstan ce which has bcen prev iousty ob -
ta ined by thc enzymic ace tyla ti on of gluco-
samine 6-phosphate s lO has been found to be 
convened into fructose-6-phospha te by kiclney 
cnzymes. Bu t the most unexpected finding 
was that it ca talyses the enzymes transforma-
tion o( glucosamine-6-phosphate into fru ctose-
6-phosphate a ncl ammonia . Furthermore the 
latLer reaction was founcl to be reversible so 
tbat it affords a possible route to hexosam ine 
syn thes is clifferent from th a t founcl in Nevros-
pora 8 where glu tamine is in.vo lvecl. Previous 
work on hexosamine metabolism h as been re-
viewecl by DoRFMAN It and KENT AND '11\THITE· 
HOUSE 12 _ 
" This investigalion w:t·S supporlecl in part by 
a rescarch grant (No. G 3442) from the National 
In stil u tes of Health , . S. Publi c H ea lth Serv ice. 
l\1 ETi lO OS 
A nalytica/ 
T h e fo1lowin g methods were used . J>hosphate . FISKI' 
ANll SuuRAROW 113, protein. KuN ITZ A:>~o l\fc OoNAUl 14; 
fructose, R oE JG : gl u cosami ne, Bux 1o; ll/JIIIIOIIia, Co;-; -
WAY 17; (or .ace tlyg·Iucosa min e a modifiGltion o( th e 
J\foR<:AN AND E1.sos method 18 was usecl with a land-
Jarcl o l' ace tylg lu cosaminc preparecl ~~ clescribcd by 
RosDIAN A;>.OD l.!JDOWIEC 19. \ Vith p uri fiecl enzy mes dc-
proteinization was unnecessa ry. For acetylglu cosa minc 
-1-p hosphatc which does not give the test dircctly-
proteins wcrc precipilatcd with 5 'lo trichlora cctic acid. 
After ccntri(u gation , 0.5 ml. r¡f su pernatant was hca-
ted lO minutes at 100\>C in orden to h ydrol yzc the 
phosphate group . After cool ing, O. l :í mi of l.Jif /Jot as. 
sium borate was add cd ancl the proceclure continued as 
d escribed by REISS I<: el a:/18 A larger amo un t o( 
borate (ú .l 5 instead o( 0.1 mi ) w:1s used in onlc1· 
to neutra li ze th e acid . 
\ Vh cn it was necesary lo disti nguish free hcxosami-
ncs rro m thc i r phosphori c. cstcrs (Tablc 11I) th c 
!a lter wcre prccipilated by acld ing zinc sulfate and 
barium h ydroxide solutions as cl escr ibed by SO~IO<:YI 20. 
Esti111aliou of t/1e eiiZ_)'IIII'S 
Th e test sys tcm (or mcasuring the disappca rancc o( 
ace tyglu cosa mine-6-phosphate con ru inecl O-l ¡.¡mole of 
substan ce 0.02 ml of I M tris-h ycl rox ymeth ylaminom c-
tl• ame buffer o( pH 7.7 ancl the cnzy me. 
For g lu cosa minc -6-p hospha tc the systc-m con ta ined 
0-1 ¡.¡mole of N glu cosam in e-6-phosphate, ü .02 mi o( 
J M tri s buffer or p H 8 4. ü.02 ¡.¡mole of accty lgluco-
m mine-6-phosphate a ncl the cnzyme. 
J!or bolh tes is the total vo lum c was 0.05 ml al1(l 
the in cubat ion time: 1!) m in u tes 1.1t 37\>C A unit was 
d ef ined as th e ra mount of cnzyme ca using th e di s-
appearancc o( 2:"í 'In o( the substratc in 15 minutes. 
PreJxtralioll of acelyg-lucosamine-l -jJ !JOsjJha te 
Th i ~; suh;o;ta nce was preparecl by making trisi lver phos-
p hate r eact with chlorotetraacetylg!ucasamine. An 
a morphou s bromo derivat ive was used in many cases 
until Dr. R . J EANr.oz suggested thc use of lh e ch l<)l'O 
compo uncl wbich can be obta;necl crystali ne. 
rt- f -chloropenlacelvglncosamine. The procedure des-
cribed h y BAKER et a/.21 was usecl with minor :nodifi -
ca tion s. Pen iJacctylg lu co~a min e (6 .2 g) prepared with 
zin c chlo ri<J.e ras cata lys t as clescribecl by LEI'ENE 22 was 
acldcd to a solution obtainecl by mixing 104 ml or 
clry cthyl eth er saturated with HCI :H ú'?C. 18.7 ml 
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oE acetic acid anhydride a nd 6 mi ~t gl•acial ac.etic 
acid. After keeping for 2-3 days at 09C with occasional 
shak ing, the so lid was dissolved. The solution was 
concemrated in vacuo below 159C. The solid was 
then dissolved in chloroform and treated as de cribed 
by fiAKFR 1!1 al.Zl. 
Phosphorylation. 2.9 g of chloropenmacetylglucosa-
mine were mixed with 1.2 g of trisilver phosphate 23 
ancl 60 mi of dry benzene. This mixture was hea ted 
in a water bath ancl about r. mi of the benzene was 
distilled in order to remove traces of water. After this 
the healing was continued during 15 minutes, under 
rcflux with haking. The solid changed from ye llow 
LO white and thc liquid bcca me brownish. 
Thc mixture was filtered hot lhrongb filter aid 
(cclite) and washed with hot benzene. 
I-Jvdrolvsis . The bcnzene solution wa~ concentrated 
to d .rvness i11 vacuo and the solid was dissolved in 30 
ml of methanol con uai ning 1.2 mi of 5 N sulfuric acid. 
After kecping it for 30 minutes at !379 C the pH was 
adju ted to about 8.9 (thymol blue) with 10 N sodium 
hydroxide. The pH was kept alkaline during a few 
hours by occasional addition of soclium hydroxide. 
An excess o( 50 o/o barium acetate was added followed 
by 30 ml of ethyl ether. After leaving it ove!n.ight 
at .')QC the mixture was centrifuged. The preClpJtate 
was extracted severa! Limes with water. The pooled 
wa ter extracts contain cd í30 ¡Lmoles of labilc pbos-
phHe. 
Pw·ificalion. solulion conta ining about 100 ¡LffiO-
les o( labile phosphate adjusted to pH 8 was poured 
onto a column (90 c.m X 1.8 cm2) of Dowex 1 of 
JO % crossl inbge in the chloride forro. Gradient elu-
tion was carried out as <lescribcd by ALM et al. 24,- ,A 
solution o[ 0.005 M HC! in 0.1 M CJ.Cl, wtas allowed 
to emcr into a 250 mi mixing chamber filled wtih 
water. 'l he fractions (5 mi) were analysed for ace-
tylglu ro. a mine, after heating for 10 minutes at 1009C 
in 0.1 .V acid. ancl for labile phosphate. Severa] well 
separated peak~ appearecl. The first was free acetyl-
gluco"'1minc. The seconcl hacl a ratio acetylglucosa -
minej labile phosphate of 1.7 to 1.9 and oonsisted 
mainly of a cliestcr. The thircl peak which was the 
largest contained acety lgluc;osa minc- 1-phosphate. Fi-
nally a -mal! peak con1~1ining lm;clentified substances 
appea rccl. 
Thc fr ~• tions correspond ing· to the third peak were 
pool ni, ncutrali7cd with sol id Ca (OH),, filtered , con -
<entratcd in t•ar11o to 1-2 m! a ncl precipitated with 
3 \Olumes of ethanol. 1f neccssary the precipiu1lion 
w;¡s wmplctcd hy thc adclition of ethyl ether . The 
solid was washcd severa! timrs with ·cthanol in order 
to ¡·emove thc calcium rh loride, wash.ed with etbyl 
cthcr and driccl. Usual ly the solid was dissolved in a 
~mal! amount o( Wl.Hcr. ccnlrifugcd and precipitated 
with ethanol . The yie ld was about líO % of th e la-
hile phosphate introduced inl'o the column . The ra-
tio acetylglu r,os;¡min e f phosphate was about l ancl the 
purity with rcspect to dry weight was 84 o/o. 
Thc rotatory powcr w1as measured Ofl 0.3 mi of 
.olution containing 39 ¡Lmoles of he calci um salt ancl 
the roncentration was checked by pho~phatc eslima-
tion . [a]n = + 107. 
[>l(•j}//ra/ion of glucosamine-6-phosphate 
G lu rosamine was phosphorylatcd with ATP by 11 
p10ccdurc simi lar to that described by BROWN 25. The 
fpJiowing mixture \\",!S incubatecl at pH 8: 2120 ¡Lmo-
les of glucosaminc hyclrochloride, 120 ¡Lmoles of ATP, 
sodium sa lt, 1 ml of 0.1 M magnesium w lfate and l 
m!. of Lebedew juice (prepared by extracting dry yeast 
with 3 volumes of 0.1 M soclium biaarbonate during 
N bours at 5Q C) ancl ;va ter to complete 10 ml. After 
1 hour at 35Q C tbe proteins were coagulated by heat-
ing and r.entrifuged off . 
The filtrate was then pourecl into a column 1.8 
cm2 X 100 cm o( Dowex-l (X 10) in the acetate 
form. Elution was carried out by a grudient obtained 
by allowing 0.05 N acetic acid to flow into a mixing 
chamber containing 250 m! o[ water. The fractions 
werc anal ysed by the method of Bux '16. 
The first fractions contained glucosamine while 
the phosphrate ester appear.ed later and was well se-
parated from thc formcr . The last fractions of glu-
cosamine phosphate were slightly contarninatecl with 
a substa nce absorbing at 200 m¡L and were rejec.ted. 
The pooled fractions of glucosamine phosphate 
were c.oncentnated in vacuo to about 3 mi , the pH 
was adjustecl to 7.2 with barium hydroxide and 3 
volumes of ethanol were added . The precipitate was 
separated, washed with ethanol and ether and dricd. 
The yield was 60-70 o/o of the glucosamine used, tand 
tbe prod uct was 80 o/o pure. · 
P1 epa m/ ion of N-acetylglucosamine-6-phosphate 
Glucosamine-6-phosphate was treatecl with acetic 
anhydride as dcscribed by RosEMAN 26. The whole 
r eaction mixture including the resin usecl for the tlce-
tylation was poured on top of a coluron of Dowex-1 
chloride. Di placcment from tbc column was effected 
gradient-wise as described for acetylglucosamine-1-
phospbate, but using 0.15 N HCt. The fr¡¡ctions whicJ1 
gave a ratio total phosphatefa cetylglucosamine of one 
were poolcd and the calci um salt was obtained as 
described for the 1-phospblate. The yield was rather 
low owing to losses occurring in the precipitation 
with etha nol. 
In somc cxperiments acetylation was carried out at 
oQC with a slight excess of acetic anhydride in aquc-
ous-pyridine solution. The results were essentially thc 
same 1<1s with the other procedure. 
N-projJion)•lg/ucosamine-6-phosphate 
The proceclure was the same as for the acetyl de-
rivativc but propionic acicl anhydride was used. 
Purifica/ion of •the enzyme acting on the 6-phosphates 
Pig kidneys obtained frozen from the slaughter-
hou e yic lcled tactive extracts even after severa! wecks 
storagc ' in the frozen state. The cortex was homo-
genized with a blendor in 3 vo lumes of water aml 
the mixture was centrifuged a t 3000 r.p .m. in the 
cold for lO minutes (crude extract). 
To 80 m! of the eructe extract 40 m! of ammonium 
su lfate solution (50 g percent w f v) were added. M-
ter 1 O to 15 minutes at 59C tbe predpitate wa cen-
trifuged off 1and discardcd. To lOO m! of the super-
natant 20 ml of anunonium sulfate solution were 
adcled . Thc precipitate was separated, dissolved in 
water and dialy cd 4-5 bours at Sr;>C (Fraction A) . 
Ammonium sulfate solution (0.2 vol) was ~added to 
the supernatant of the previous step. The precipitate 
was redissolved and dialysed (Fraction B). 
Fraction B was treated with a solution of yeast 
nucleic add acljustcd to pH 7 ( lOO mg per g of pro-
tein ). By mutious addition of dilute HCl followed 
by contribution, severa! fnactions were obtained (Bil 
B,, etc.). The precipitates were suspended in water 
and neutralized. The results 1are shown in Table I. 
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TABLE 1 




Praction Volume Prolein ml mg fml Ratio A/ B Unitsfmg 1 Total Unitsfmg Total 1 A 
Crude extract 80 53 10 
Fraction A 5 60 30 
Fraction B 3.5 50 40 
Fraction B, 0.23 50 30 
Fraction B, 0.35 70 75 
Fraction B, 0.30 58 196 
Fraction B, 
1 
0.30 46 93 
RES ULTS 
Prosperties of acety lglucosamine-I -phosphate 
The molecular rotation of I-phospho sugars 
is known to be comparable to that of the 
methylglycosicles (cf. LELOIR 27) _ For methyl-
N-ace tylgl ucosaminide the values given by 
Neuberger ancl Pitt Rivers zs are + 24,675 for 
the a- ancl 10.105 for the fl-anomer. The 
acetylglu cosamine-1-phosph a te preparecl as 
described here gave a value of + 36,000 so 
that it is the a -anomer. T he produ ct has been 
u sed by Dr_ Rmssrc 9 in a study of the phos-
phoacety lglucosaminemutase o E N eurospora 
and severa! preparations were found to be 
over 90 % converred into the 6 phosphate. 
The substances does not reduce sugar rea-
ge nts ancl gives the Morgan and Elson reac-
lion on ly a Eter acid h ydrol ys is. 
TABLE 11 
Acid h)·d ro/ysis of arety lg/ncosamin e-1-phosjJhate 
A re!ylglurosamine ·l-tJhosjJhate C/ucose-1 -J>hosphate 
Time 
(hours) Pe·rcent Percent JOJK 
hydrolysis JOJK lo ydrolysis 
1 26.6 2.2 37.8 3.3 
2 41.0 1.9 60.5 3.4 
3 58.2 1.7 76.2 3.4 
4 58 .2 1.6 79.0 2 .8 
5 67.8 1.7 87 .0 2.9 
6 75.4 1.7 92.3 3.1 
18 100.0 - 100.0 -
i\fcan 1.8 3.1 
Jnmganic phosphate was eslimalcd a[ter incubat-
ing thc sa m p les at 37QC in 1 N sulfuric acid. The 
formula used was: K = (t,- t,) •1 log,0 ( lOO - x,) f ( lOO 
- x,). The time was taken in minute> . No detecta-
ble amou nts o[ g lucosa mine wcre formecl. 
units B units 1 
43000 0.75 3200 13.3 
9000 
7000 3.8 650 10.5 
350 
1800 
3500 3.0 88 39 
1300 
The results of acicl hydrolysis in r N acid at 
379C i'lre shown in Table II. It may be obser-
ved that the ace tylglucosamine ester is slightly 
more stable than that of glucose. However it 
is much more labile than glucosamine-1-phos-
phate 29 ancl galactosamine -r-phosphate 30 
The act ion of enzymes on acetylglucosamine-
r-phosphate · 
On incubation of the r-phospho ester with 
crucle bdney or Iiver extracts it was obser-
ved that a p art was conv·erted to free ace tyl-
gl ucosamine while another part was transfor-
mecl into substances which did not give the 
Morgan ancl Elson test even after acid hy-
clrol ysis. The forma tion of acety lglucosami-
ne-6-phosphate as an intermediate in this reac-
tion could be cletected only by puri fication 
of tbe crude exlracts or as shown in Table ITI 
by the use of an inhibitor. Such a selective 
inhibition of ace tylglucosamine-6-phosphate-
clisappearance could be obtainecl with ace-
ta te without affec ting the activity on the I-
phosphate. Uncler these conclitions about half 
of the decrease in ace tylglucosamine-r-phos-
phate couM be accounted for by the increase 
in the 6-phosphate. These results are shown 
in T;.¡bJe IIL Other test were carried out 
with an enzyme prepared by a method based 
on th e first steps of the purification of phos-
phoglucomutase as described by NAJJAR 3Jl_ 
The results in Table IV show that the pro-
cess is activitecl by magnesium ions ancl sligh-
tly ac tivatecl by glucose disphosphate. In that 
experiment the results of the estimation were 
checked with a specific enzyme mcthod for 
ace tylglucosamine-6-phosph ate. In the other 
experimen ts rat muscle or liver exlracts ·were 
founcl to catalyse the conversion of the I-to 
6-phosphate at simil ar rates. 
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The actwn of emymes en the 6-phosplwtn 
Crude preparations of pig kidney catalyse 
the disappearance of acetylglucosamine-6-
phosphate. Gl ucosamine-6-phosphate al so d i-
sappears provided small amounts of acety l-
glucosamine-6-phosphate are also added. As 
shown in T able I both activities may b e 
detected a[ter sorne purification but the ratio 
of the two varies from 13 to 39. The action 
on the non-acetylated substance was always 
higher than on the acety la ted. 
TA BL E III 
The artion of hirluey ex lracls 011 
acr' l y/p,/!tcoSaiiJ ine - L-jJ/70SfJIJOie 
.l 111 111irromoles 
No acetale With acelalt> 
Accty lgl ucosamine- 1 -p hosphate (c-a) - O.O!í3 - O.OGJ 
Free acetylglucosamine (b) + 0 . 01 ~ + 0.1117 
.\ cc tylg lu cosa minc-6-phosphatc (a-b) + 1).002 + 0.033 
Incubation o[ 0.115 mi of cw,ic killney ex tracts (1 
vol of water used) 0.01 mi of 0.36 M glyoerophosphate 
buffer pH 7.4, ú.O l ml of 1 .W socill• m acetate (pH 
7.4) and 0.08 ¡Lmole of acetylglucosamine-1-phosphate 
Estimations were as follows: (a) diretl estimation of 
acetylhexosa mine, (b) same in ·the supernatant obt<M.A..-
cd after precipitation with zin c wlfa t<:: and b arium 
hydroxide, (e) as (a) but •;¡ ftcr removing protein 
with 5% trichloracetic acicl 1and hea ting 10 minu -
tes at 1009C. 
T. \BLE 1V 
Tl1 e conFersion of acetylq;fw:o.\a iiJine -1-pi JOsjJ illl le 
·Jo lhe 6-phosíJiutc 
Comp lete system 
No glucose clip hosphate 
No magnesium 
u. moles o[ 
arel }ti g/ 11 cosa m 111 e·6 -1Jll os J>/1 n te 








Thc comp lete systcm contai n~d fl.OI mi of 0.36 M 
glycerophosphate buffer pH 7.4, O.Otl5 mi of SIJtura tecl 
so luti on of 8'- h yclroxyq uin olin.~. O.ü l mi. of 0.1 M 
magnesium chloride, O.ü05 ¡Lmolc of g lucose cliphos-
pliate, 0.17 ¡Lmole o[ acetylglucosamine-1-phosphate 
and enzyme. ln cubated 1 hour a l 1;70C, total volum e 
0.08 m i. The en zym e was pre:•ared (rom pig kicln ey 
by ad justing the crude extract lo pH 5, predpitating 
the st1pernata n t with 0.65 satlllal<.:.l am monium sul -
fate and dia lysi ng. Estima,tions by chemi cal method 
a': in Tab le lll . For the enzymic mclhod the activat-
ing power on glucosami ne-6-!)hOSjJh;orr: di sappearan cc 
wa,; com pared with a sta ndar-1. o[ ar.c tylglu cosa mine-
6-phosphate using a p uri[ied cnzymc. 
Thc pH optima are shown in Fig. l. 
Free glucosamine or acetylglucosamine were 
not ac tecl upon by, the e nzyme prepa rations. 
M a ny cxperiments we carriecl out in orúer 
to detect a cofactor. The enzyme was ~ub­
mittecl to prolongecl clialysis against ethyle-
nediaminetetraceta te sol utions, to preci pa tion 
with 0.1 N acicl from ammonium sulfate so lu-
ti.ons and to treatment with anion exchange 
res in s but no organic or inorganic ion requi-



















Fl!:. l. - pH optima. Condtions as described for test 
systcm with Tris H CL ancl Tris-male~te , buHers pre-
parecl as describecl by GOMORI Jo . Thc pH was chec-
kecl in aliquots with a g lJs; elcctrodc, 
Th e action of acetat e 
As shown in Table V aceta te nea rly sup-
presscs acetylglucosamine-6-phosphatc di sap-
pearance while it does not affect appreciably 
that of glucosamine-6-phosphate. The rcsnlts 
with propianate or butyrate were similar to 
those obtained with aceta te while formate 
showecl no action. 
TABLE \' 
TI1P aclion nf w'·i•J/.> 
Subslrale 
A cety !g lucosa m in ~-6-phospha te 
A ccty !glucosa m in e- G- ph osp ha te 
Glu cosa mi nc-6- phosph a te 












Conditions as describ ecl for te~l ':ystcrn with 0.2 ,V[ 
aceta te. 
Tit e nction of acetylglucomnsine-6-ph ospha te 
011 glucomasine pl10sphate disappearance 
As shown in Fig. 2 glucosaminc-6-phosphate 
is not tra nsformed in the absen ce o[ acetyl-
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glucomasine-6-phosphate. The effect of the 
latter is cata lytic since 0.009 !Lmole can pro-
el u ce the clisappearance of 0.05 !Lmole of glu~ 
cosamine-6-phosphate. Many substances ha,ve 
bccn tested as possibl e substitutes for acetyl-
glucosarn in e-6-phosphate. The results were ne-
gat ive with: acetylglu cosamine, acetamicle, 
UDF-acetylglucosamine, acetate, acetate plus-
ammonia, hexose-6-phosphates, acetylglycine, 
acetyl tri ptophane, acetylcholi nc, pyruva te, ci-
trate ancl a-Ketoglutara te. vVith acety lglu co-
sa mine-1-phosphate some ac tivation was obtai-
ned using crude extracts but non e with puri-
fiecl preparations. 
Only onc substance was founcl to have the 
acttv1ty o[ N-acetylglucosamine-6-ph osphate 
and that was N-propionylglucosaminc-6- phos-
phate. This ester was also founcl to disappear 
o n incubati on with the ensyme. The qu anti-
Lative res ults were very similar with Lhe ace-
tyl a mi propionyl clerivativcs . 
~ 
~ 0.08 
"' "' ~ 











te the reaction was faster so that the intcr-
ference of traces of isomerase was smaller. 
Fig. 3 shows the result of such an experiment. 
Glucosamine-6-phosph ate cli sappeared rapicl-
ly with a concomitant rise in the fructose va-
lu es ancl in the sum fru ctose-6 plus glucose-
6-phosphate as deteminatecl whit glucose-6-
phosphate dehyclrogenase plus isomerase ancl 
TPN. After some minutes the fructose values 
decrcased slow ly, as was expectecl, owing Lo 
thc presencc of isomerase in the enzyme pre-
para tion. 
In another experinient with a preparation 
that was nearl y free from isomerase the re-
sult:s we re as follows: 
G_luws;l minc-G ·ph ospha lc - {).0~6 
"fruclosc" + 0.045 
,\ mm on ia ...¡. 0.048 
001 002 003 
ACETYL GLUC05Af'11!Y[ 6 PI-IOSPJ.IATE: 
!'1/CROHOL[S 
F1 c.. 2 .. - The action of acetylgluco . . un ine-6-phosph ateon glucosJm ip c-6-p hospha le di>appearance. 
CondttJonsa~ descnbed for tes t sys rem,but wn:·. variable amounts :Jf acc tyl gl ucosam!w:-ti-phosphate. 
Tl1 e ¡·eaction pmducts 
Analysis by papcr chromatography o( the 
proJucts o btainecl from ace Lylglucosamine-6-
phosphate with a crude enzym e preparation, 
and a lter trea tment with phosphatase, revealed 
the prese nce of glucose, fructose ancl in some 
cases o[ a su bstance reac ting like h eptulose 32. 
H exose phosphate isomerase was difi cult to re-
move from the preparations but in one case 
a yuantitative accumulation of fructose ester 
from ace tylglucosamine-6-phosphate was obtai-
ned. '"~1ith glucosamine-6-phosphate as substra-
It seerns clear therefore that the primary 
reaction prod ucts are fru ctose-6-phosphate ancl 
am monia. 
Reversible fonnation of g fu cosamine-6-phos-
phate 
The incuba tion o[ fructose-6-phospha te and 
ammonia with the e nzyme a ncl small amounts 
o( ace tylg:u cosami:ne-6-phosph a te led to a de-
finite in crease in "glucosamine" as estimated 
by the Bux method. No in crease ocurred 
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fJG. 3. - Chemical changes cluring the ll<lllSformalion of gldcosamine-6-phosplmtc. The reaction mix-
ture contaniecl 0.15 ¡Lmole of glucosa¡mine-6 phosphatc, 0.04 ¡Lmole of acetylglucosamine-6-phosphate, 
0.04 mi of 1M tris buffer of pH 8.4 and 0.04 rol of enzymc precipitatccl twice with nucleic acicl. Total voTume 
0.1 ml. Temperature: 379C. 
if the ammonia, fructose phosphate or acetyl-
glucosamine-6-phosphate were omitted or if 
ammonia was substituted by glutamine or as-
paragine. The results were also negative if free 
íructose, glucose, xylose or ribose were added 
instead of fructose-6-phosphate . A represen-
tative experiment is shown in Table Vl. Th~'· 
se results were taken as an indication that 
the reaction can be reversed and measure-
ments of the equilibrium constant were car-
ried out, starting with known reaction mix-
tures ancl estimating the changes in glucos-
amine phosphate produced by the enzyme. 
One suchs experiment is shown in Table VIL 
The values obtained for K in moles/liter va-
ried from 0.12 to o.18. In other experiments 
TABLE VI 
Synthesis of glucosamine-6-phosphate 
0 G/ucosamine" fonned 
fimoles 
Complete system 0.014 
No ammonium sulfate 0.002 
No acetylglucosaminc-6-phosphate 0 .002 
Glutamine in steacl of ammonium sulfate 0.002 
Asparagine insteacl of ammonium SLaltate 0.002 
The complete system containecl: 0.5 ¡Lmole of fruc· 
tose-6-phosphate 1.5 pmoles of ammonium sulfate, 
0.02 ¡Ltnole of klCetylglucosamine-6-phosphate, O 01 
mi o[ 2 M tris buffer and 0.2.7 mg of enzyme prepa-
raLion (B, Table 1). Total volume 0.05 ml, 30 minu-
tes at 379C. The glucosamine valucs obtained on 
sampl es at t0 were .wbstrated. 
the resu l ts were more variable (0.04 to 0.19) _ 
Owing to analytical errors ancl to sorne un-
certainly regarding the true molarity o( the 
substrates perhaps the results should only 
be taken as indicating the orcler of magnitude 
of K. Thus the fructose-phosphate concentra-
tion was calculated assuming that isomerase 
converted it into the equilibrum mixture 
which contains 66 7o of glucose-6-phosphate. 
However, it was clear in all the experiments 
that similar values for K are obtained in the 
forwaDd and in the re verse reaction. 
TABLE VII 
EquilibTium consw.nt 
Substances added ( p moles) 
;zucosamine 
r;ructose-6- P A1nmonia Glucosamine-6-P 
0.326 l. O o + 0.01~8 
0.326 l.ü 0.1()085 + 0.0058 
0.326 J. O 0.0170 + 0.0016 
0.163 2.0 o + 0.011 
0.163 2.0 0.0085 '+ 0.0057 








Incubation of fructose-6-phosphate with ammonium 
sulfa te ancl glucosamine-6-phosphatc; 0.02 mi-tris buf-
fer 1 M pH 8.4; 0.02 mg enzyme (B,, Tabl e 1) final 
volume 0.05 mi., 10 min at 379C, K = [NH,] -
[Tructose-6-phosphate] J r glucosamine-6-phosphate] in 
molr;s f liter. The concentration of fru ctose-6-phospbate 
w1J.s taken as 1/ 3 of tbeorrca l amount in order to 
conect for the presence of üomcrase. 
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TABLEVIII 
The arlion o{ extra.cts from differ ent organs on 


















The rat organs were homogenized ;n 2 vol. of water 
ac 09C and centrifuged. Test with ~!ucosamine-6-phos­
phatc were carriecl out as describen for the test 
system. 
Distribution of the glucosamine-6-phosphale 
en.zyme (s) 
As shown in Table VIII, kidney is the ri-
chest source of enzyme, followed by brain, 
intestine, liver and lung. o activity was de-
tected in heart or in yeast. The same extracts 
were tested for the rate of the reverse reac-
tion starting with fructose phosphate and am-
monia and essentially similar results were obt-
<•infd. 
DISCUSSION 
The first step in the transformation of ace-
tylglucosamine-I-phosphate catalysed by ani-
mal tissues has been found to be: 
acetylglucosa mine-1 -phosphatc ~ 
acety !glucosa mi nc-6-phospha te 
It remains to be decided whether the change 
is brought about by phosphogluco-mutase or 
by a specific enzyme. Evidence showing that 
two enzymes are present in Neumspora extracts 
has been obtainecl by REISSTG 9 who separatecl 
sorne fractions which were more active on the 
:.:cetylglucosamine ester than on glucose plws-
?hate, ancl other fractions which behaYecl in-
vc~·:;ely . He also detected phosphoacetylgluco-
saminemutase activity in a highly pmified 
rabbit muscle phosphoglucomutase. 
As to the transformations of the 6-esters the 
reported facts can be rationalized by the 
following reactions: 
Other formulations involving a co[a ctor can 
be written bu t no supporting eviclenc·~ was 
found clespitc many efforts . Reactions ( 1) + 
(3) would be responsible for the cli,appea-
rance of acetylglucosamine-6-phosphate. Ace-
tate would inhibit reaction (3) -Glucosamine 
-6-phosphate would be transformed through 
rea-c tions (I) + (2) and thus the necessity 
of catalytic amounts of acetylglucosamine-6-
phosphate would be explained. 
As to the nature of the substance X it is 
attractive to suppose that it is N-acetyHructo-
sylamine-phosphate (II). In this case reaction 
(1) wou!cl be similar to an Amadori rearrang-
ement, i.e. the conversion of an alelase (I) 
to a ketose (II) derivative. Aft.er transacety-
lation (Reaction (2)) the procluct woulcl be 
fructosylamine phosphate, which is presuma-
bly an unstable substance that descompases 
into fructose phosphate ancl ammonia. It may 
be mentioned that fructosylamine does not 
appear to be stable since it has never been 
preparecl and when fructose reacts with am-
monia it is the isomer, glucosamine, which h as 
been obtained (HEYNS AND MEINECKE ~.3, CAR-
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Our thanks are clue to Dr. E . CABIB for a 
preparation of glucose dehydrogenase, to Dr. 
E. RACKER for suggesting nucleic acid prcci-
pitation as a means of removing isomerase and 
to fARGRETE OxHoLM for technical assistance. 
SUMMARY 
The chemical synthesis of a-acetylglucosamine-1-phos-
phatc and some of its properties ::m :: ctescribcd. From 
kidney or liver, enzymes hiave been obtainecl which 
acetylglucosamine-6-1'--:-'" X (1) 
(2) 
(3) 
glucosamint-6-P + X acetylglucosamine-6-P + fructosc-6 P + NH, 
X -o) fructose-6-P + NH, + acctate 
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cat<~ lysc thc following r eactions: 
a-ace tylgl uco:,;! min e- t-phospha te ~ acety lgl ucos:tm in c-6-phosph a te ( l ) 
(2) 
(3) 
:\'-ace tylglu cosat::i lle-6-phosphate ~ [ru ctosc-6phosphatc + NH" + acctatc 
glu cosam;ne-6-phosphrate ~ fructose-6-phosphate + NJ-t, 
1~caction ( l ) was found lo b e activaLecl by magne-
' iurn io ns. The enzy me (s) responsibk [or reac tions 
(2) ancl (3) wcrc puri[iecl ancl i t w ;; ;, observed that 
(3) rec¡uires cata lyt ic amou nts of N-aoety lglu cosa mine-
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BIOSYNTHESIS OF GLYCOGEN FROM URIDINE 
DIPHOSPHATE GLUCOSE 1 
Bv L_ F. LELOIR AND C. E. CARDt1 r 
Iuslilulo de In vest igaciones Bioquímicas, Fundación CamjJonwr 
]ulidu Alvarez 1719, Buenos Aires, Argenliua 
Previo us work has shown that UD PG 2 acts 
as glucose clonor in the synthesis oí trehalose 
phosphate :, ucrose 4, sucrose phospha te 5 and 
c·ellulose 6_ 
T .\B LE I 
Analylical Changes 
·1 he wmplete system containcd: 0.5¡.¡ mole oE UDPC, 
0.33 ¡.¡mole o[ glycogen, tris- (hydroxym e thyl) -amino-
mcthanc buHer o[ pH 7:!, 0.01 M ethylenecliamine-
Lctn~atctalc and 0.02 mi. o[ enzyn1e. Total volume 
0.07 mi. In cubation: 45 min. at 37Q. Thc enzyme was 
preparcd from an aqueous extract o[ rat liver by 
acidification to pH 5. 'IJw prccipilate was washed 
four time~ with acetate buffer of pH 5 1ancl rcclissol-
\Cd in buffer. Resulls in ¡.¡moles-
Com pie te system 
:-:o l lDPC 
_¡ U nP (a) .l gl) cogcn 
0.22 0.27 
o -0.03 
a Estimat-ed wilh p)rtl\dte kinase 7. b Measurcd 
with a phcnol-sulfuri c acicl rcagcnl a!lcr precipitalion 
with c thano!S and cxprcsscd as g!tur;sc.. 
Whcn UDPG is incubated with a liver en-
zyme and a mall amount of glycogen the 
chemical change shown in Table I were 
found to take place. Approximately equal 
amounts o[ DP and o[ glycogen were for-
med. Such an increase in glycogen could only 
be detectcd with liver preparations íreed from 
amylase. Other preparations obtained by am-
monium suHate precipitation contained amy-
Jase ancl therdore lost their glycogen. \,Yith 
1 ·¡ hio; invcsllga tion was supported in JJJrt by a research 
grant ( '\:o. G-3442) from thc alional Jnstitutes of Health , 
U. S. Puhli r Health Senicc, and from Laboratorios de Jn-
\l>Stigac ión de }: . R . Squibb & Sons Argentina, S. A. 
2 l ' DP(~ == uridinc diphosph ate glucos~; UDP := uridi -
nr diphosphatc. 
3 L F. l.cloir and E. Cabib, This ]ounwl, 75 , 5445 ( 1953). 
such enzymes no DP formation took place 
unless a primer was adcled. As hown in Ta-
ble li glycogen ancl soluble starch acted a 
primers whereas glucose and maltose were 
ineUective_ cveral mono-, di- ancl oligosac-
charides and hexose phosphates were te ted 
with ncgative result _ Treatment o( glycogen 
with a-amylase destroyecl it priming capacity. 
It can be concluded that UDPG act directly 
as a glucose donor to glycogen ami that the 
reaction is thu similar to polysaccharide for-
mation from glucosc 1-phosphate with animal 
phosphoryla e which requires a primer of 
high molecular wcight. The enzyme was found 
in the soluble fraction of liver ancl became 
very unstable a[ter purification . 
T.\BLE JI 
Primer Rer¡~tiremen! 
System as in T1able 1, but glycogcn om illcd. The 
cnzy mc (O.O l mi.) was obtainecl by precipitation wiLh 
J.(i M ammonium su lfa te followccl by clia lysi . Incu-
batcd 60 min . al 37Q. 
Additions 
0. 1 mg. glucosc 
0.2 mg. malto!>t' 
0.4 mg. glycogen 
0.4 mg. soluble slarcb 







4 L. F. Lc loir and C. f.. Cardini, ibid. , 75 , 6084 ( 1953). 
5 L. F. Lcloir and C. E. Cardini, J. B10i. Chem., 214 , 157 
( 1955) . 
6 L Gla<er, /Jioc/1im. ei Biophy.<. Acta, 25 , 436 ( 1957 ). 
7 E. Cabib and L. F. Leloir, J. liiol- Chem., in prc~'-
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PHOSPHORYLATION OF ACETYLHEXOSAMINES 1 
L. F. LELOIR, C. E. CARDINI ANO J. M. ÜLAVARRÍA 
l nsl ituto de l11 11estigacioues Rioqui111icas, Fundación Ca m jJomar 
]u/id" Alvarez 1719, Buenos Aires, Arge11tina 
JNTRODUCTION 
In a _previous paper (1), a liver enzyme 
system which leads to the formation of free 
acetylga lac tosami ne from uridine diphospha-
Le-acetylglucosamine, was described. In expe-
riments designed to cliscover the further fate 
of acetylgalactosamine, it was found that liver 
and kidney enzymes catalyze its phosphoryla-
tion by adenosine triphosphate (ATP) . Furt-
ltermor-e, a similar process was found to take 
place with acetylglucosamine as substrate. 
Phosphorylation of acetylglucosamine with Es-
cherichia roli extracts has been reportecl by 
Soodak (2) ancl by Fau!kner and Quaste l (3). 
The phosphorylation g.f.,, nonacetylatecl hexos-
amines has been stmliecl by severa! workers. 
Ttus glucosamine has heen founcl to be phos-
phorylated by ATP and hexokinase to glu-
cosamine 6- phosphate (4, 5). Similarly, ga-
Jactosamine is transformecl into galactosamine 
1-phosphate by an enzymc presumably iclen-
tical with galactokinase (4). 
l\!Jl~T I-IODS 
Analytica.l 
The following melhods were mecl: Blix (7) for he-
xosamines, Morgan ancl Elson as moclifiecl by R eissig 
et al. (8) for acety lhexosa min es, Ku nitz ancl McDo-
na1d (9) for proteins, Fiske ami Suob~Row (10) for 
phosph'ate, ancl a slight modification of the methocl 
o[ Sch·J ies and Schales ( 11 ) for reducing power. 
Substrates 
Galac1tosamine ancl acety1galacto:ia mi~l-e were JJLI-
rified as clescribed previous1y (1). Acctylglucosamise 
6-phosph,atc ancl acety1galactosamine 1-phosphate were 
obtainecl by acety1alion of g lu cosa:Jlinc 6-phosphate 
(17) ami galactosamine 1-phosphate (1), re pecti-
vdy. 
1 This investigation was supported in part by research 
grants: (~o. G-3442) from !he l\'alional lustilules of Hcalth, 
U. S. Public Health Service, and from L(tboratorios de ln.-
\CStigaci6n de .E. R. Squibb & Sons, ArJ;!:rntma. 
Pa.¡;er C!Jromatogrrtp/1_\, 
The proccrlurc describcd by Carclit!l 1ncl Leloir (1) 
was used for free acetylhcxosamines, a ncl th at of l'a-
1aclini and Lcloir ( 12) for tbe est,·:·~ -
PrejJamlioll of the Enzymes 
Thc organs were bomogcnizecl in 3 vol. of 0.15 M 
KCl containing 0.00 1 IH cthy lenecli•Jnine tctnaacetate. 
Thc cnzymes wcrc prcpar0CI from rat ltver or kidneys 
following th e procedure dcscribed Ly Roy (13) for 
thc preparation of thc sul fate actl\ 'óllng systcm. lt 
consists of a higb-spe-ed ccntrifugation in which tbe 
smal1 particles wbich dccomposc ATP ta re removed, 
followed by ammonium su lfate prcci¡Ytation bctween 
thc followi ng molar concentrationi: A : 0-1.7, n: 1.7-
2.3, C: 2.3-2.9. The prccipitates werc clissolvecl in wa-
ter to a conccntration of 80-10() mg. protein j ml. 
Estimat io11 of th e EJIZ\"nes 
T l: c clisappmrance uf acetylhex usatolin e was mea-
surecl after precipitating the protem; ancl phosphate 
cstcrs with ZnSO, and Ba (01-1) ,. lJ,·uaJly the reaction 
mixture containecl (in micromo1 es) 0.1 of acCt) 1glu -
cosaminc (or acetylgal•actos1mi ne), O 2. uf sodium 
ATI'. 0.3 of MgCI, ami 0.03 mi. of 0.25 M tri~ (hy-
clroxymethyl) aminomcthanc buffer o[ pH 7.1 (o r 
8.2 for acctylgalactosaminc) and 001 mi. of enzyme 
solution. Total ,-ol um e 0.10 mi. lncubation was 
usutally carriecl out for 2 hr. at 37<? , ~her whid1 O. l 
mi. of 100 '7o Znso .. ancl O.l mi. of 0.3 M Ba (OH) , 
w re adclecl (14). After centrifuging 0.2 mi. o[ the 
~upernatant was taken !'or acetylhex<•-amine analysis. 
The differc-nce in acetylhexosaminc content between 
a complete samp1e ancl one incul..nl ('rl without ATP 
was taken as the amount esterifiecl. ' .Yhcn the esteri-
ficat ion of accty1galactosamine was mcasurecl, the pre-
cipitation of the phosphatc esters wih th e zinc uncl 
barium solutions cou1cl be om itl ecl without moclifying 
thc results . 
Purification of the Reactiott PToducts 
Pre1iminary experiments showcd that the reaction 
products coulcl not be purifiecl using ion-e-xc.hange 
resins, becausc they were not acls'.lrbed due to thc 
r elatively 1arge mnounts of inorg<:mc salts. lt was 
observccl, that the reaction procluct could be adsorbed 
on charcoal from acicl sa1ution, ami eluted on rais-
ing the pH. This observation providtd the basis for 
th c methocl of purifica tion clescribecl below. The reac-
tion mi-xture was macle up as follows: 50 ,um o les o~ 
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acetylhcxosamine, lOO ¡tmolcs o[ ATP, 60 ¡tmolcs of 
magnesium chloridc, and 5 ml. o[ enzyme solution. 
Total volume 20 ml. The pH was a<ljusted to 7.1 
wilh soclium hyclroxicle when acetylglucosarnine was 
the substrate ancl to 8.2 for acetylg<~L~ctosamine. The 
enzv.mc fract ion used corresponded to A or B or C, 
respcctively. After incubating for 2 hr . at 37Q, 3 vol. 
of cthanol was adclecl, the prccipitDle was filtered 
off, aml the filtrare W l<lS freed from ctbanol by eva-
poration under reducecl pressure lo about one-tenth 
of thc original volume. The solution was then ad-
justed to pH 4 ancl poured into a wlumn of 1.8 cm. 
cliamcter and 17 cm. long, containin~ a mixture of 
8 g. clmrcoal (Norit A) ancl 8 g. filter aicl (Hyflo 
Supcr-Ccl). BeEore the experiment the column was 
washed with 0.05 N fon11ic acicl until the effluent 
was acicl ro bromocresol green. 
Once the sample has bcen aclsorbc·.~ on thc char-
coal. <'iution was carr.ied out ~Ta ,Lientwisc klS cles-
cribcd by Alm, Williams, ancl Tiscl.iu'i (15). A 250-
ml. mixing chamber containcd thrce parts of 0.05 N 
fonnic acid allCl one part of 0.05 .'1/ anunonium hy-
droxid c. The inflowing solution wa~ 0.05 N rammo-
niun¡ hydroxidc. Samples of 6- 10 mi. wcre collectcd. 
The sulfate ancl inorganic phosphate appeared in the 
first Utbes, while the acetylhexosaminc esters emer-
ged after 200-300 mi. of solution hacl passed through 
thc column and when the pH W-'IS about 7. In thc 
cxpcrimcnts where acetylglucosamine was the subs-
tratc, the samples were analyzecl d irectly Eor acetyl-
hexosaminc. iVhen the snbstratc was acetylgalacto a-
mine, acid was addecl to thc sample.; to 0.5 M .. They 
wcrc then hcated [or 5 min at !OOQ. ncutralized with 
thc calcul:atccl amount of NaOH ~·oiüÜon , and then 
analyzcd for acetylhexosamine. The sa..!!IJJies contain-
mg ar.ctylhexosamine were pooled, conccntrated un-
dcr reclucecl pressurc, ancl then storc~.! for severa! days 
in a vacuum desiccator over sodium hydroxide ancl 
sulfuric acid in order to remove the Jmmonium for-
matc. The yicld was about 60 'fo . In the experimcnts 
w1th thc ester from acetylgalactosamine which is al-
kali-stablc, thc evapomtion was carri cd out at pH 7-8, 
whilc with the acetylglucosamine cs,er tbe pH was 
maintainccl around 6. 
RESULTS 
Conditions [o1· Mnximal Activity 
As shown in Fig. l , the greatest activity was 
obtained with 0.003 M 1\Ig++ . The pH op-
tima were 7 .l ancl 8.2, respective! y, for aoe-
tylglucosamine ancl acetylgalactosamine 
(Fig. 2). 
PmjJerties of the Enzyme 
As shown in Table I, the activity of the dif-
etent fractions obt.aineu by precipation with 
ammonium sulfate is not parallel for the two 
substrates. The activity on acetylglucosamine 
is greater in fraction A, and that on acetylga-
lactosamine in fraction C. No activity on ga-
lactosamine was detectable when tested und·er 
the same conditions with the rat kidney en-
:yme. The Iraction most active on acetylgluco-
samme (A) was the least active on gluco-
samine, so that it seems that the enzymes ac-
ting on the acetylated hexosamines are dif-
ferent from those acting on the nonaoetyla-
ted substances. Under the conditions of the 
tests, acetylglucosamine 6-phosphate clid not 
clisappear when incubated with any of the 
enzyme fractions. However, after clialysis B 
catalyzecl the disappearance of acetylglcosa-
minc 6-phosphate as has been described pre-
viously (17). These reactions are inhibited by 
ammonium ions, ancl that is why they cannot 
be dctected with unrdialyzed preparations. As 
8 0 











Ftc. l. - EHect of 1\[g+ + concentration. Assays as 
describecl. in text. Enzyme fraction ,\ was used for 
racetylglucosamine, and fraction B [cr aoe tylgalacto-
samine. Tbe amounts of ATP were 0.4 and 1.6 ¡tillO-
les, respectively. Incubation time was l hr. Point A 




~ 6 0 
L 
~ 
~ 4 0 a. 
: o 
4 
ehtylenediamine tetraacc; ·Jte. 






FIG . 2. - pH optimum: The pH wa~ measured on ali-
quots with a glass electrocle. Th~ buffers were tris 
(hyclroxymethyl) aminomethane wtth maleare (pH 
5-7) or chloride (pH 7-'.J) (16). 
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TABLE I 
Activity 011 Differe lll Suúsuates 
Mcthods a~ describecl in texL The rate of esLcri-
[iualion w~s c~Jc ul ated from the linear part of a time, 
curve. 
Kidncy 1\rf icro!llOics cstc rifi cd j hr. 













to the stabili ty of the enzymes, they could be 
stored [or a month or more at -109C. wit-
hout great loss in activity. Dialysis overnight 
Jed to complete inactivation of the acetylga-
Iactosami nc enzyme. N o reactivation could 
be obtained by adding heated extracts. The 
enzyme acting on ace tylglucosamine could be 
cli:1.lyzed overnight at 09 without apreciable 
Ioss of activity. 
A ctivity m Differenl Organs 
Table II shows the results obtainecl with 
extracts o[ di[[erent organs. Kidney extracts 
wcre most active on acetylgalactosamine, foll-
owed by heart, spleen, and liver. The acti-
vity on acetylglu cosamin e was slightly lower 
than with acetylgab_s~osamine as substrate. 
The ncgative finding cil Faulkner ancl Quas-
tel (3) with brain extracts and acetylglucosa-
mine as substrate may have been clue to the 
high ATP-clescomposing activity o[ their ex-
tracts. 
TABLE II 
Activily in Different 0> gans 
Assays as in Table I except thar thc amount of 
ATP was l.O ¡tmoles ancl the f inal volume was 0.2 
ml. The enzyme solutions were obtainnl as describecl 
in thc text, cxc.ept that only o ne p1ccipitation w~as 
carriecl out with 2 .9 i\1 ammonium suHate. 
Ratc of esterification in micrornolrs f hr. f mg. protcin 
Acctylgalactosam in e Acctylglucosami ne 
Kidncy 0.10 0.06 
Hcart 0.07 0.05 
Splccn 0.06 0.1)2 
Livcr 0.05 0.04 
Brain 0.03 0.03 
Lung 0.01 0 .01 
Properties of the R eaction Producls 
Acetylglucosamine. \1\Then the tests for en-
zyme activity were carried out without pre-
cipitation of the phosphate esters, no change 
was detectab le in the amou nt of acetylhexo-
samine. This shows that the reaction pro-
d ucts gives this reaction similar to fre-e acetyl-
glu cos:-~mine. 
Analysis of the procluct obtainecl a(ter pu-
rification with charcoal gave the followin g 
results: (total phosphate taken as 1.0) : in-
organic phosphate, O; Morgan and Elson 
reaction (with acetylglu cosamine as standard) 
1.1; reducin?; power (with acetylglucosamine 
as sta ncla rcl) 0.9. 
_-\fter hyrlrolysis of the phosphate group 
with phosphate, acetylglucosamine was iclen-
tilied by paper chromatography on borate-
trea tecl paper. 
When run on paper with the ethanol-ammo-
nium aceta te sol ven t of pH 3.8, the procluct 
gave th e same Rf as a sample of acetylgluco-
sam in e 6-phosphate obtained by acetylation 
o[ gl ucosa mine 6-phosphate with acetic an-
hydriclc. ?v[oreover, both substances gave ap-
proximately the same results when tested as 
activators o( the deamination of glucosamine 
6-phcsphatc with kiclney enzymes (17) . Anot-
her test which was carried out consistecl in 
acld ing the deaminase together with glucose 
6-phosphate dehyclrogenase, isomerase, and 
triphosphopyricline nucleoticle. Thus the Ior-
mation of fructose 6-phosphate coulcl be (ol!o-
wecl by recluction o[ triphosphopyriclin e nu-
cleotide in a spectrophotometer. In this test 
the two above-mentioned preparations were 
inclistinguisluble. The phosphorus liberated 
in 0.2 N alkali at 1009 in 3 min. was 60 o/o . 
A sample of glucose 6-phosphate which was 
run at the same time gave 64 o/o . Al! th e pro-
perties o( the reaction procluct which have 
been investigated are those of acetylglucosa-
mine 6-phosphate. This substance has been 
preparecl previously by Brown (18) by enzy-
me acetylation of glucosamine 6-phosphate, 
ancl by R oseman and Luclowieg (19) ancl by 
Leloir and Cardini (17) using acetic anhy-
dricle. Maley and Lardy (20) have published 
a purely chcmical method of synthesis. 
Acetylgnlacl'osamine. In this case the result 
of activity tests was the same with or wit-
hout precipitation of the phosphate esters, thus 
showing that some change occurrecl in the 
group involvecl in the reaction with p-clime-
thylaminobenzalclehycle. Analysis of the pro-
cluct obtained by purification with charcoal 
gave the following results (total phosphate 
taken as 1.0) : 
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Jnorg~nic phosphate 
;\forgan and F1wn reaction 
(acctvlga la ctosaminc as 
standard) 
Reducing power (acety lgala c-






The substan-ce was compare<l with a sam-
ple o[ acetylgalactosamine 1-phosphate obtai-
necl by ace tylation of galactosamine 1-phos-
phate wiLh acetic anhydride (1). When run 
on paper with ethanol-ammonium acetate sol-
vent o[ pH 3.8, the two substances were in-
clistinguishab!e. A[ ter a cid hydrolysis, acety 1-
ga!actosamine was detected ·by paper chroma-
wgraphy. The rate of acid hydrolys~s in 1 M 
acid at 379 was measured ancl, as shown in 
Fig. 3, the substance is hyclrolyzed about 
three times more rapiclly than a glucose 1-
phosphate. The lack of reducing power be-
Iore hyclrolysis shows that the phosphate is 
in position one. JV[oreover, the molar rotato-
ry power (aM = o:0 X mol. wt) measured 
in water was 52,000, which is the same within 
the experimenta l errors as the value of + 
5'1,000 founcl (1) for a preparation obtained 
by acetylation o[ n galactosamine l-pho2J?ha-
Le. Thus all the propcrties o[ the substance 
obLa i necl by enzymic phosphoryla tion o( ace-
tylagalactosami ne indica te tha t i t is a-accty 1-
ga lactosa mine 1-phosphate. 
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F 1r.. 3. - Acicl hyclro1ysis o[ the estc r obtained from 
acety1ga1aclosa mine. After incubation in 1 N sulfuric 
acid at 370 lhe samp1es were analyzcd for inorganic 
phosphate. The value of the hyd!'o!;·sis constanl K 
was ca 1culatecl using log,0 anci minutes. 
SUMMARY 
Tbe phosphorylation of acetylglucosamine 
and acetylgalactosamin.e by aclenosine tri-
phosphate catalyzed by extracts of rat organs 
has been studicd. The reaction products had 
thc propert ies o[ acetylglucosamine 6-phos-
phate ancl acetylgalactosamine 1-phosphate, 
respectively. Thc enzymes appear to be cliHe-
rent lrom other kinases. 
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BIOSYNTHESIS OF GLYCOGEN FROM URIDINE 
DIPHOSPHATE GLUCOSE 1 
L. F. LELOIR, J. M. ÜLAVARRÍA,2 SARA H. GüLDEMBERG'3 AND H. CARMINATTI4 
Insti tuto de In vestigaciones Bioquímicas, Fundación Campornar 
a11d Fa cultad de Ciencia.~ Exactas y Natura les, Buenos Air·es, Argentina. 
JNTRODUCTION 
The biosynthesis o[ glycogen from UDPG 5 
with a livcr enzyme has been reported 
prev iously (1) . The reaction has been in-
ves tigatcd [urther using a partially purified 
preparation form rat muscle with which the " 
general properties of thc system have been 
studied. 
l\ J ETHODS 
Analyticnl 
Clyrogcn wa s estimatecl by the phe.;ol-sulfuric acid 
methocl (2), after cligesLio.Jl with KOH and e thlano1 
precipitation (3). A sampJ.e o( glvwgen prepared as 
clescribed by Somogyi (4) was used a:; standard. lts 
conccntration was checked against glucose using the1 
<l nthrone methocl (5). U DP was ~stima ted as describ-
cd by Cabib and L elo ir (6) , but ha1vwg the amounts 
o[ reag·ents. UDPG wm measurecl spectrophotometri-
ca ll y with a partially purified U DPG dehydrogenase 
(7). l'hosphorylase was es timrated as clt scribed by Co-
ri el a.l. (8). Protein was measured by the m ethods of 
Kunitz ami ?vl cDonald (9) ancl of Warburg ancl Chris-
tian (10). Amylase ac tivity was d etenui necl uncler the 
~am e cond itions as tbe glycogen-formiJ•g enzyme but 
without UDPG or G-6-P. After clepn;tcinization with 
Ha (OH), a ncl ZnSO,, th c reclucing substanccs were 
mcasu r·ed accorcling to Park ancl Johnson (11). G-6-P 
was estima tecl spectrophotometrically (12) . Raclioac-
til'ity was measured with a gas-f low co unter. R adio-
active suga rs in paper chro11llatograms were located 
with a silver reagent (13) and then e1uted, p1ated, 
and counted. Approximately half of thc addecl counts 
were detcctecl afte r this treatment. 
l T his in,·cstiga tion was sup portcd in part by a researc.h 
grant ( N9 G-3442) (rom Lhc Natio nal Institutcs of H ealth. 
U.S. Publ ic Hea lth Service. 
2 Fcllow of th c Consejo Nacio nal de Jnvtstigaciones Cien· 
tíficas y Técni cas. 
3 lrne5tigator of th c Instituto Nacional de l\1icrobiología. 
4 lrn cs1igador of thc Comisió n Nacional de Energía A t6mica. 
mica. 
5 Abrc,iations used: UDP G: uridine diphosphate gl ucose; 
UDP; uridine d iph osph atc; G- 1-P: glu cose- J-phosph ate; G-6-P : 
glu co<c· fi -phosphatc; Tris tris ( hydroxy methl y) aminometha-
ne; EOTA: ethylencdiaminc tctraacctatc. 
Substrates 
UDPG was iso1atecl froro yeast ast described by 
- Pontis et a.l. (14). UDPG labe1ecl in the glucose 
moiety was preparecl by incubating- d1'4G-6-P with 
UDPG and a crude Sacchm·omyces fragilis extra.ct (15) 
a ncl was purified by p aper chromatogrnph y. 
Enzymes 
The m e thod of Ballou a ncl Luck (16) was used 
fo¡· th e prepanation of wheat B-a m ylase a ncl that of 
Cori et al . (8) for phosphorylase. A crude prepa-
ration o( maltase was obtainecl as clescribed by Wei-
denhagen (17) and clial yzecl . 
A ssay of th e Glycogen-Forming Enzyme 
The standard reaction mixtu re conta ined 0.23 
~tmo1e UDPG, 0.5 ~tmole G-6-P, 0.4 mg. glycogen, 
3.75 ~tmoles Tris-maleate buff.er of pH 8.5, 0.25 
,umole EDTA, anc1 enzyme, in a final volume of O.V5 
rnl. Incubation s were carried out at 37\> (or 30 min. 
The reaction was stoppcd by heating for 1 min. in 
boiling water, and the UDP formc-:l was measurecl . 
Under th e conditions of the test, aclcled UDP clicl not 
disappear on incubat ion with eructe or purifiecl mus-
ele extrac.ts. 
The initi al rate of reaction was c<.lculatecl from a 
two or three-point time curve by app1ying the equa-
tion for first-order reactions a nd extrapolating the 
valuc of k to zero ti me 
Preparation of the Enzyme 
Rlat mu scle was used in most of the experimen ts. 
Only a sma ll part of th e activ ity was ex trac.ted with 
water (rom min ced muscle. In orcler to obta in active 
ex tra cts, it was necessary to hom::;genize the tissue 
thoroughl y with a b1enclor. Tbe extraction was 
usually carriecl out with water. With phosphate or py-
wphosphate buffers the yielcl was slightl y higher, but 
m órc inactive protein was extractecl. The enzyme could 
be precipitated from the aqueous ext racts either with 
0.41 saturated ammonium sulfate or by adjusting the 
pH to 5.8-6.0. 
T he proceclure which was used in most of the 
prepam tion s was as follows. Thc muscles from two 
rats (abou t 55 g.) were coo1ecl , min()C{[ , suspended 
in 3 vol. of colcl water, and homogenized for 2-3 min. 
in a vVarin g blendor. The homogcnate was immc-
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diately centrifuged at 12,000 X g for lO ruin . ·when 
this procedure was carried out quickly and at Jow 
tcmpcmtur~, the pH did not drop below 6.5 
The supernatant crucle extract was divided into 
two portions. One (about 1,4) was heated at 1000 
for 5 min., a nd the precipitate was removed by ce.n· 
trifugation. The rest of the supernatant fluid (its 
volume is repr.esentecl as v in he following) was 
aciclified to pH 5.8·6.0 (chlorophenol red as indi-
cator) , ancl after 15 min. at OQ was centrifuged at 
24,500 X g for 10 min. The precipitatc was suspended 
in water, adjusted to pH 5.8-6.0, ancl Gentrifuged . 
The precipitate w•as tben suspended in 0.2 v of heatecl 
extract and centrifuged again after freezing ancl tha-
wing. The supernatant fluid, which was usually tur-
bicl ancl contained most of the activity, was aciclifiecl, 
centrifuged , ancl washecl with water as previously. 
The prccipitate ("second precipitate") was suspen-
ded in 0.05 v of 0.015 M Tris- ma1eatc buffer of pH 
7.4 containing 0.005 M EDTA . 
The aclivity of thcse preparalions decreascd aoout 
50% aftcr storage overnight at - 159. Mo:-e Jt :d•lc 
preparations were obtained by Jyophilizing th ·" "sC'-
concl prccipitatc" and extracting wi•·h 0.05 v of O.l M 
pyrophosphate buffer of pH 8 containing 0.65 mM 
reducecl glulathion e. Thc J.atter prcparations were 
cornpletely colorless and transparen l and were stable 
for at least a week stored at pH 7 ancl- 150. Thc 
Effect of In aeasing Enzyme Concentration 
As shown in Fig. 1, incr-easing amo un ls of 
UDP were formed with increasing amounts 
of enzyme. It may b-e noted that Ior practica! 
reasons the test system containccl only 0.23 
¡.¡.mole UDPG, so that a linear relation was 
not to be expected. Furthermore, inhibition 




Comp.lctc system as describecl in text , bu t with 
amounts doubled ancl 0.072 mg. glyrogen. 
UDPG UDP Clycogcn disappea · formcd formcd rancc 
,u mol e .umolc gtucose ,u mole 
Complete systcm 0.13 0.13 0.12 
No e 6-P O.O!í 0.03 0 .05 
No glycogcn O.Ol!í 0.02 
TABLE 
R f'su/ls of the Pw·ifica.lion Procednre 
Micromoles j hr. j mg. prolcin 
UDP formation 
Phosphorylase 
Amylase ( in glucose equi\'alents) 
Protein concentration (mg. fml.) 
results obtainecl in the purification by the second 
proccdure are shown in Table I. The purification 
obtainecl in that experiment was 12-folcl with res-
pect to protein, ancl the yic1cl wa' about lO o/o. In 




The stoichiometry of the reaction catalyz-
ed by the glycogen-forming enzyme is shown 
in Table II. It may be observed that, in the 
complete system, for each mole U(DPG that 
was . utilized about 1 mole UDP was formecl 
and 1 mole glucose was adcled to glycogen. 
In the absence of G-6-P or glycogen, the che-
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0.06 008 
r1c. l. Thc cffcct of enzyme conrcntration on the 
formation of UDP. Standard system as clescribecl in 
lcx t. 
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Effcct nf UDPG Concentmtion jJHOptim.wn 
The course of the reaction with different 
UDPG con centrations is shown in Fig. 2. 
From these values, ini tia! rates were calcw· 
latecl as describecl und er Methods, and the 
method of Lineweav·er and Burk (18) was 
applied. The value obtainecl for the Michae-
lis constant, which sh ould be considered only 
approximate, was 5 X JO 4 AI. It may be 
mentionecl for comparison that the K , for G-
1-P in the phosphory1ase reaction is 5.7 X 
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l'tc. 2. Time curves -u:jth diffcrenl IJmounls of 
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pH 
FJC:. 3. pH -aclJv!ly curve. Standard systcm as des-
cribed in lcxt, with Tris-malcate buffers of different 
pH. The final pH was checked on al iquots with a 
glass eleclrocle. The solutions wcr<' neutralizecl bc-
forc proccccling to thc cmymic cstimrat ion o[ UDP. 
As shown in Fig. 3, the pH for max imal 
activity in Tris-m a lea te buffer was 8.3. 
Figure 4 shows the effect of glycogen con-
centration on the rate of UDP formation 
from UDPG. Thc results of experiments em-
ployi ng differen t poi ysaccharides as primcrs 
are shown in Tablc III. Application o[ a 
lirst-orcler equation to such results gave va-
lues which changed greatly with time so th<lt 
the percent;¡ges give n in Table Ill werc cal-
culated from single time values and are pro-
bably not ·strictly proportion<ll to priming 
abil ity. It may be observed that the primer 
rcquirements of thc glycogen-forming enzyrnc 
are not very diHerent from t.hose of muscl e 
phosphorylase. That is, the best primer ¡, 
glycogen ancl its activity clecreases after clegra-
dation . A more cletailecl study wil! be requir-
ecl to cleterm in e whether thc di (fercnces ob-
s~rvablc in Table JIJ are in fact real. 
Substances which failccl to give any detec-
table stimu lation when tested as primers we-
1'e : g lu cose, mannose, maltose, la~tose, cel!o-
hio~e, trehalos·e, raffinosc, melibiose, anJ gcn-
tiobiose. Commcrrial dextrin (D i(co) pro-
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0 tc . 4. The ef[cct of varying glycogen conccntra -
tion on enzymc activity. Standard system as describcd 
in tcxl. 
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TABLE Ili 
Aclivatiug Effect of Di{[e1·en t Polysaccha,-ídes 
Thc rcsults are cx prcssecl in per oent activation in rclation to glycogcn. "I;he fi nal concentration of poly-
ruccharidc was .5 .4 mg.f ml. in every case. Such a conoentrat ion of glycogen was just enough to produce 
maximal ac tivity. r\11 activit ics wcre tested with tbe sarne enzyme preparation. Numbers in brackets re-
present a second experi ment. Jncubation time: 30 min . 
Pol ysaccha ridc 
l ' DP [Ornlation Pi formation 
from UOPG from G- l -P 
Cl ycogcn lOO 100 
Phosph ory la se Ji mi t d ex trin (ro m glycogen:¡. 59 (52) 28 (20) 
(1- .\m yl•Jsc limit dext rin from g lycogen<' 30 (31) 15 (20) 
Glycogen trca ted with a·'amylase o- 6-
Commercial so lubl e starch (blu c with iocline) 17 (20) 5 (lO) 
Solub le narch b (red with iodinc) 19 (13) o (O) 
Po tato starch (heated in a lkali) 59 (48) 9 (20) 
a !'re pared •as d escri bed by H estrin (20) . 
/J Obtaincd by treatnfent with acid accorcling to Lintncr (2 1). 
Activators and Inhibito1'S 
Phloridzin at 3.3 X lO 3 M concentration 
inhibited 48 C/o . -\t the same concentration 
the inhibitio~ o[ phosphoryl ase was 42 cyu 
These va:ues were obtained from the change 
in initial rates calculated as described uuder 
J\1ethods. \1\Titl-;, g!ucose at 0.05 M concentra-
tion, ti1e inhibition was 52 '7(1, as compared 
!o 72 '?é lor phosphorylase. The efiect o[ ad-
dcd UDP was testecl both by thc standard 
methoJ a ncl by meas uring glycogen forma-
tion. At 10- 3 M ol' acldecl UDP, the inhibition 
was 31 %; and at 5 X 10-4 M it was 18 %· 
The r-eaction was inhibitecl 80 7(1 by 0.2 M 
potassium borate ancl 58 í'o by 0.1 M KCN. 
Two antidiabetic substances l-p-tolysulfonyl-
3-butylurea and 1- (fJ-aminob cnzen cs ulfonyl)-3-
hu t yl urea (0.2 j ( l'i nal caneen tration) inhi-
bited slightly (15 and 8 '/'a , r espectively) . Cys-
tci ne or reduced glu ta rhione produced a slight 
activation on son1.e e nzyme pr-e parations. The 
l'ollowing substan ces clid not change the ac-
tivity: Mg++ , G-1-P, aclenosine triphospha-
te, aclenosin e 5'-monophosphate, galactose 1-
phosphate, and in sulin . 
The Action o[ Glucose 6-Phosphate 
Partia ll y purified preparations of the gly-
cogen-[orming -enzyme w-ere founcl to be ac-
tivated by heated extracts. Heated pigeon 
musrle ex tracts were p articularly active. The 
acri vc substa nce prov-ed to be stable in acid, 
labile in al kali , ancl behaved as an acid when 
treatcd wi th anion-exchange resins. Many 
known substances were testecl as possible subs-
titutes for the heated extract. Of these G-6-P 
and [ructose 6-phosphate provecl to be ac-
tive. Since the preparation contained an ac-
tive phosphogl ucoisomerasc, it could not be 
decicled which of the two produces the ac ti-
vation. A sample of G-6-P obtained by che-
mica! synthesis was founcl to be active. Many 
other substan ces were tcstecl as possible su bs-
titutes for G-6-P. The following were ineffec-
tive: glu cose, maltose, trehalose, fructose 1-
phosphate, trehalose phosphate, sucrose phos-
pha te, Jactase, citrate, G-1-P, aclenosine tri-
phosphate, adenosine 5'-monophosphate, glu-
tamic acid, inorganic phosphate, and galac-
tose 1-phosphate. Activation was obtained 
with glucosam ine 6-phosphate and with ga-
1actose 6-phosphatc. The sample of the latter 
was contaminated with G-6-P, but the amount 
a ppeared to b e too small to accou n t for thc 
activa tion. 
A curve showing the form a tion of UDP 
with clifferent G-6-P concentrations is shown 
in Fig. 5. Half-maximal velocity was attain-
ecl at about 6 X lO 4 M concentrations of G-
6-P. In orcler to obtain information on the 
mechanism by which G-6-P increases the rate 
of reaction, some expcriments were carried 
out with labeled compou111ds . As shown in 
Table IV, while the radioactivity of C114 UD-
PG was recoverecl in the glycogen, that of 
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F1c:. 5. - The e[fect o( cha nging G-G·P concentration. Standard systcm as describcd in text . 
TABLE IV 
Tu corjJOmlion of Radioactivity iuio the Glycogen 
Complete svstem as described in .text except for 
the ~additions indicatcd ami that lhe a mount of g ly-
cogen was increased to 1.2 mg. 
The reaction was stopped by and ing 0.9 mi. of 
33 % KOH. Aftcr heating 20 min. Jt 1009, the gly-
cogcn was precipilaled with 1.25 ml. ethanol, boil_ed, 
cenlrifuged, rcprecipitatecl , ami p laled for count•n g 
thc radioactivity . 
Additions 
UDPG G -6- l' 
p mole 
rO/l111..\ f min . 
!lmo/e 
counts f min. 
0.16 4,9:;0 0.80 o 
0.16" 4 ,950" 0.80 o 
0.2!1 o 0.43 ,; 1,500 
0.2!í" 0" 0.43 " ' r;oo 
'·' Ad-dcd after in cubation . 
TABLE V 
J\"ollllisappearance of C: 6-P 






Standard systcm as described under M ethods cx-
cept fo r thc G-6-1' concentration. 
lncubalion tin11 .. : (!. fi ~ P cstimatiu n UDP formed 
'111111 . p.mole !'"'ole 
Complete systcm o o 097 o 
Comple1e system 30 0.098 0.057 
No glycogcn 30 0.099 O.Oü3 
CH C-6-P was not. l\!Ioreove.r, estimations of 
G-6-P + fructose 6-phosplíate shovved tha t 
there was no mcasurable change in concen-
tration cluring the reaction (Table ' V) . 
The ass umption that hexosc phosphate 
might Jet as primary acceptor of the glucose 
rcsidu~ and that a disaccharide phosphate 
would then serve as donar to the glycogen, 
was examinecl by severa} methods. One was 
to aclcl phosphopyruvate and pyruvate kina-
se during the reaction in arder to favor the 
first sbep by removing the UDP. Even uncler 
Lhese conclitions the reaction requirecl a po-
lysacchariclc primer, showing that the Iirst 
stcp woulcl not take place without the seconcl, 
or that only one step is involved in the over-
all reaction . Other experiments consistecl in 
aclcling clisaccharicte phosphates such as su-
erase or trehalose phosphate instead of UD-
PG ancl tcsting Ior increase in glycogen. The 
1esults were negative. 
Radioactive Glycogen 
Incubation of C1"~ UDPG led to the label-
ing of the glycogen. In a typical experiment 
1.2 ¡.tmoles of C14 UDPG (12,400 counts/ 
min.) were incubated with an eightfold clase 
of the standard mixture containing 4.8 mg. 
glycogen. Alter 30 min. at 379 the mixture 
was boiled in alkal i, precipitated with 1.25 
vol. ethanol , ancl reprecipitated. An aliquot 
was plated Jor measuring raclioactivity. The 
number of counts per minute in the glycogen 
fraction for the total sample was 10,000. That 
is, the incorporation reachecl about 80 o/o. 
It may be mentioned that the C14 UDPG 
preparation containecl about 25 o/o UDP-ga-
lactose, so Lha t the incorporation obta inecl 
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was complete within experimental errors. 
Controls in which the reaction was stopped 
at t = O gave no radioactivity. 
Reaction Pmducts 
The method used for the estimation of 
UDP is not very specific. Other nucleoside 
diphosphates ancl also adenosine monophos-
phate are active in this test system. However, 
uricline monophosphate is inert. In o11der to 
check the formation of UDP in the enzymic 
rcactiarr, the products were run on paper 
with an ethanol-ammonium acetate solvent of 
pH 7 .. ? (22) . A spot with the same mobility 
as UDP was observecl in the· zone corresponcl-
ing to the complete sample, but not in that 
o[ controls where the reaction was stopped at 
zero time or incubatecl without UDPG. Fur-
thermore, it may be mentionecl that no inor-
ganic phosphate was found to be liberatecl 
in the reaction, ancl that no formation of 
oligosaccharides coulcl be detectecl by paper 
chromatography. 
As to the characterization of the polysac-
charide Iom1ecl in the reaction, the usual 
methods coulcl not be used because only· small 
amounts of UDPG were available. Thererore 
enzymic clegraclation and paper chromatogra-
phy were utilized. The procedure consisted 
in isolating the glycogen formed from o~ 
UDPG as previously described. The radioac-
tive glycogen obtainecl was treatecl with 
~-amyl ase which fs known to hyclrolyze alter-
nare l --;. 4 a-linkages yielding maltosc. The 
reaction mixture was thea treatecl with 3 vol. 
methanol. The soluble portion which con-
tained all the radioactiviry was run on paper 
with the pyridine-butanol-water solvent (6: 
4: 3) (23) . As shown in Fig. 6A) the pro el uct 
obtainecl behavecl like maltose with a trace 
of glucose. All the radioactivity was founcl 
in the clisaccharide spot. Since the a[ore-men-
tionccl sol ven t el id not separa te the disaccha-
riclcs, a sample which hacl been chromatogra-
phecl was wettecl with borate buffer and sub-
mittecl to electrophoresis. As shown in Fig. 
6B) the radioactivity was Iound in a spot hav-
ing thc same mobility as malto3e. Electropho-
resis was carriccl out after paper chromato-
graphy because in that manner the interfe-
rence o[ salts ancl resiclues of protein was ob-
viated. 
As an additional test, the product obtain-
ed by the action of ~-amylase was treatcd with 
a maltase-containing yeast extract. As shown 
in Fig. 7, the radioactivity appearcd in a spot 




STANDARD S ~ 
A /3 -AMYLASE 3 PRODUCT 
STANDARDS 
5 MAL TOSE 20 C/11\ 
TREHALOSE 
STANDARD S 
B /3 - AMYLASE PRODUCT 
STANOARDS 
5 15 20 um 
TREHALOSE MAL TOSE 
l'tc.. (1. -:- A: _Paper ~hromato,g~ap12y of the product obtainccl by the ~ction of B-amylase on the glycogcn 
fo_nncd from 1 ,tchr!'<tcttve UD I G. "he glycogen was obtamed as dcscnbcd 111 texL. ..\n altquot was trcated 
wtth r1 - amy l ~se at pH 6 (20) _ for _2~ hr. at 379. Threc volumcs of methanol was acldcd. Thc supcrna[lant 
whtch :otll<llncd ai_J the radwacltvJty was spottccl on paper and run with the butanol-pyridine-watcr soi-
\'Ctlt. 1 he rarlwJcttvity of the sugar spots was thcn ctoectcd as dc~crihed in tcxt. Tnc squarcs in the 
graplt show how the papcrs wcre cut and the numbers rcprcscnt cou nls pcr minute aftc r substracti ng 
background. 
fl: Same as A, but aftcr chromatog1aphy the papcr was welted with ü.05 M boratc bu~fcr of pH 9 ancl 
submittccl to elcctrophorcsis at GOO v. for G hr. 
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MAL TOSE 
STANDARDS a 
fi-AMYLASE PRODUCT o +MAL TASE t '100 MIN 
MAL TOSE+ 
MAL TASEt,IOO MIN. 
/3- AMYLASE PRODUCT 
3 + MALTASE t , o 
5 10 15 C/TTl 
l't c . 7. - J'apcr chromatograph y of the procluct obtainecl by tbe action of B-~am ylase on rad ioactive gly-
cogcn submiued to th c subsequcnt acion of a malta~ co nta ining yeast cxtract. General proccdure as 111 
F1g. 5. 
In other experiments the radioactive gly-
cogen was <.legraded with phosphorylase and 
<!xcess inorganic phosphate (20) . On preci-
pitation with 3 vol. methanol, no radioacti-
vi.ty rcmained in the pl'ecipitate containing 
the lim it dextrin. The soluble portian was 
:Creed from methanol by exaporation and se-
parated into two fractions by ZnSO., and 
Ba (OH) " precipitation. The precipitare con-
taining G-1-P was hydrolyzed with acid (24), 
and the free sugar Iormed was chromatogra-
phed on paper with the butanol-pyridine-wa-
tcr solvent. Radioa~ivity was found only in 
the gl u cose spot. 
D ist1·ibution 
The acttvtty of extracts of diHerent rat or-
gans is shown in Table VI. It may be observ-
ed that more activity is found in muscle, 
heart, and liver than in the other organs. Po-
sitive results were also obtained with pigeon 
liver and muscle and with rabbit muscle. 
DISCUSSION 
There are somc fa cts which indicate that 
thc classical scheme for glycogen synthesis 
may not be correct since it implies the ac-
tion of phosphorylase, and the ratio of inor-
ganic phosphate to G-1-P as measured in who-
TARLE VI. 
Dislribntion m D ifferenl nai Q¡·gans 
R csults expressed as mi cromoles UDP formed j hr. / 
g. t iSiuc. Org'a ns were homogenizecl in 3 vol. water. 














le tissues is usually too high for net synthesis 
to take place (25) . Furthermore, agents 
which cause glycogen degrada tion produce a 
concomitant increase in phosphorylase con-
centration. Thus the glycogenolytic action of 
epinephrine (26, 27) glucagon, ancl high 
'a+ ions (28) has been attributed to an 
increase in phosphorylase activity. Other facts 
have also been interpreted as meaning that 
¡Jhosphorylase functions mainly in the degra-
dation of glycogen (25, 29) . If thesc conclu-
sions are correct, then some other mechanism 
or mechanisms should be involved in glyco-
gen syn thesis ancl the enzyme described in 
this paper might well serve this purposc. In 
the i.ntact rat liver the rate o[ glycogen for-
mation is about 30 1t~noles j hr. j g. (30) and, 
as shown in Table VI, liver extracts under 
optimal conditions can catalyLe the transfer 
of about 190 1,moles glucose from UDPGjhr./ 
g. tissue. The values for muscle are 5-17 (31) 
and 220, respectively. In the whole organ the 
enzymc is, presumably, not working at sa-
turating concentrations of substrate ancl ac-
tivator so that the two values might be in fair 
agreement. 
It may be mentioncd that tissues have much 
more phosphorylase than the glycogen-[orm-
ing enzync; thus when the rate of glycogen 
formation from UDPG ancl from G-1-P was 
compared in crude muscle extracts under op-
timal conditions ancl in the presenc-e of ac-
tivators (G-6-P and aclenylic acid, respective-
ly) , it was found that the latter process (phos-
phorylase reaction) was 20-50 times faster. 
The tes ts which have been carried out on 
the raclioactive glycogen formecl from Olt1 
UDPG inclicate that the glucose residue be-
comes attachecl by a ( 1 ---? 4) linkage. This is 
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the same type of linkage which is hydrolyzed 
by phosphorylase. 
As to the mechanism by which G -6-P in-
creases the activity of the glycogen-forming 
enzyme, no clue was obtained. The effect was 
also obtained with fructose 6-phosphate, glu-
cosamine 6-phosphate, and galactose 6-phos-
phate. o indication in favor of the interme-
diary fonnat ion of a disaccharide phosphate 
could be shown. 
SUMMARY 
An enzyme which leads to the formation 
of glycogen according to the equation: 
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Since the classical work of Hanes '1 sorne 
workers consider that starch synthesis in vivo 
.is catalysed by phosphorylase. Nevertheless, 
cthers have raised doubts on this hypothesis. 
Thus Ewart et al. 2 , from measurements of the 
ratio of inorganic phosphate to glucose-1-
phosphate, conclucled that: "phosphorylase is 
not in volved in the synthesis of starch ... but 
the role of phosphorylase in the normal me-
tabolic breakdown .. . is not questionecl" ( cf. 
also Rowan and Turner 3) . Furthermore, 
Stocking 4 reportecl that starch synthesis in 
leaves is initiatccl in the chloroplasts, where 
phosphorylase coulcl not be cletectecl. 
The problem of starch synthesis is similar 
to that o[ gl y cogen nthesis in animal ti s-
su es. The syn thetic role of phosphorylase in 
·vivo has becn challenged on the basis of the 
following facts: a) the unfavourable ratio of 
inorganic phosphate to glucose-1-phosphate in 
tissues; b) agents which increase the concen-
tration of phosphorylase, such as epincphrine 
ancl glucagon, produce glycogen breakdown 5 ; 
ancl (e) in certain diseases phosphorylase is 
abs-en t in the muscles, although normal or 
increased amounts of glycogen are present 6 . 
If thesc facts are sufficient to rule out phos-
phorylase as the enzyme responsible for gly-
cogcn synthesis, the only enzyme which can 
take its place, so far as we know, is glycogen 
synthetasc 7 , whirh catalyscs the transfer of 
glucose from uridine diphosphate glucose to 
glycogen forming a new a-l :4 linkage. On the 
other hand , it is known that uridine diphos-
phatc glucose acts as glucose donar in plants. 
Thus enzymes catalysing the synthesis of su-
erases, sucrosc phosphate 9, ancl callase 10 ha-
ve been clescribed. The latter is a B-1:3 glu-
can 111 discovered many years ago ancl believ-
* Post-Doctoral Fellow o[ the University of Bue-
nos Aires. 
ed to have a role in the physiology of sievc 
tu bes ancl in wouncl reaction in plants il2_ 
All this suggests that uridine diphosphatc 
glucose should be involved in starch synthe-
sis. Although incubation of radioactive uridi-
ne diphosphate glucose with clifferent plant 
materials usually resultecl in the incorpora-
tion of radioactivity in the poJysaccharidc 
fraction, the product formecl was insoluble in 
hot water, was not hydrolysed by B-amylase 
and was presumably callase. 
Since glycogen synthetase has been found 
to be strongly adsorbed on glycogen (ref. 7c), 
we have looked for a starch-synthesizing en-
zyme in starch granules. In preliminary ex-
periments, mdioactive uridine diphosphate 
glucose was incubated with freshly prepared 
potato starch and it was found that there was 
some incorporation of radioactivity in the 
Iraction which bccame soluble by the subse-
quent action of a-amylase. More active pre-
parations were obtained from bcans as fol-
lows. Freshly harvestecl immature dwarf string 
beans (Phaseolus vulgaris var. Bountiful) we-
re used. The cotyleclons and the embryos were 
ground in a mortar with two volumes of water. 
The suspension was filtered through cheese-
cloth and centrifuged 5 min. at 3,000 rev. f 
min. The precipitate was resuspcndecl in s-e-
veral vo]umes of water and recentrifuged 
three times. The white pr-ecipitate was then 
suspended in four volumes of acetone at -
- l59C., centrifuged at 09C.; this procedure 
was repeated three times, after which the 
precipitate was driecl in vacuo. This prepa-
ration could be stored for months at - 159 C. 
with no decrease in activity. 
The bean starch fraction (2 rngm. contain-
ing 6 0 gm. of protein) was incubated at 379 
C. for 3 hr. with · 0.21 0 mo1e of uridine di-
phosphate glucose containing 7,850 counts / 
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min. of carbon-1 4 in the glucose moiety, 2 
¡.tmolcs o[ glycine buffer of pH 8.4, 0.05 ¡.tmole 
o[ ethY:enediamine tetraacetate in a final vo-
lumc o[ 15 ¡.tl. After incubation, 0.5 ml. of 
80 per cent eth anol was adclecl. T h e soluble 
fraction was spotted on paper ancl chromato-
gra phed wi th ethanol-ammonium aceta te of 
pH 7.5 (ref. 15) . The uridine cliphosphate 
and uricline diphosphate gl u cose spots w·ere 
clutecl from the paper and the absorbancy at 
260 m¡.t, radioactivity and uricline cliphospha-
Le wcre measurecl. The insoluble fraction was 
washccl with ethanol ancl countecl. Blanks wi-
thout and with uridine diphosphate glucose 
addd after incubation were run at the same 
Lime. Furthermore, it w¡:¡s found that the 
be a n starch fraction el id not clestroy added 
uridine diphosphate. 
The changes occurring on incubation of the 
bean starch fraction with radioactive uridine 
diphosphate glucose are shown in Table l; 
these results indicaLe a correspondence bet-
ween disappearance of uridine diphosphate 
glu cose, formation of uridine cliphospate and 
incorporation of glucose into the starch frac-
tion. 
The iclentity of the product formecl was 
investigated as follows. The starch fraction 
after incubation with raclioactive uridinc di-
phosphate glucose was thoroughly washed 
with aq ueous eth anol, suspended in water, 
heatecl for lO min. at 1009C. <Jncl thcn treat-
ed wit:h ~-a mylasc. 'vVheat ~ amylase was allow-
ed to act [or 12 hr. at 37 ° C., and 3 volumes 
of metha nol were. added. Thc soluble frac-
tion was evaporatecl, spotted on paper ancl 
TABLE I 
Anoly1is of substrates a11d fJroducts 
~~ wole pmolc 
Disappearance of uridinc diphosphate glucose 




O.O I:i 3 
0.0 17 3 Glucose- U-14C incorporated into starch 
11. Calculated from absorbancy at 260 ITIJL 
2 Calculated from radioac.tivity. _,, 
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5 lO cm. 
Frc: . J. - (a) Paper chromatography; and (b) paper 
electrophoresis of reaction product after treatment 
with ~-amyla~e. 
chromatographed with butanol f pyridine f wa-
ter (6:4: 3 v /v) 13 as solvent As sho~n in ~ig. 
1 a th e racl ioactivity was founcl to mtgrate like 
maltose. For iurther confirmation oE the iclen-
tity of Lh e substan ce, the 'maltose' eluted from 
the paper after chromatography was submit-
ted to e1ectrophoresis with borate buffer :J..4. 
As shown i n Fig. lb, the raclioactivity migrat-
ed with the 'ma ltose'. U nder these conclit ions, 
cellob iose, laminaribiose ancl genLiobios·e are 
neatly separate¡l from maltose. 
TAl3LE 2 
Donor specifici ty 
l3ean starch fraction (8 mgm.) incubaled 1 hr. 
unrl er conditions s:mihar to those indicatccl in Table 
I wilh abo 11 t ü.2 mole of substratcs indicated. 
Donor 
Uricline diphosphrate glucose 
Glucose-l·phosphale 
e lucose-6-phosph ale 
Sucrose 
Gluoose 
CounLs j min. 
CounLS / min. recovercd in 
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Similar results were obtained with a-am y-
lase. Saliva (0.1 volume) was allowed to act 
for 30 min. at 379 C. and the samples proces-
sed as describcd for ~-amylase. The results 
were simila'r exoept that radioactivity appear-
ecl a lso in the maltotriose spot. 
These res u 1 ts are consistent with the follow-
ing formulation: 
uridinc d iphosphate glu cose + ac.ccptor ---:) uridine 
di pho-;phatc + a-gl ucosy1-l ,4-acceplor (l) 
111 which th e acceptor is starch. 
Othcr cxperiments wer·e carriecl out in or-
der to study thc specificity of uridine diphos-
phate gl ucose as glu cose clonor. As shown in 
Table 2, glu cosc phosphates ancl sucrose 
showecl some incorporation of radioactivity 
but much less than uridine cliphosphate glu-
cose. 
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Sucros·e has bcen tes ted as glucose donor 
in other experiments with various plant tis-
sue prepara tions with ncgative results. The 
, well-known reacly conversion of sucrose into 
starch in vivo might take place indirectly with 
uri,dine cliphosphate glucose as an interme-
diare. The Iormation of uricline diphosphate 
glucose from sucrose has been cletected (refs . 
8, 9) and may be written as follows: 
sucrose + uricline d i phosphate~uricline cl iphosphatc 
glucose + fmctosc (2) 
The adcl iti on of reac tions (l) and (2) 
would result in the formation of starch from 
sucrosc. 
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STARCH r\ND OLIGOSACCHARIDE SYNTHESIS FROM 
URIDINE DIPHOSPHATE GLUCOSE * 
L. F. LF.LOJR, M. A. R. DE FEKETF. i AND C. E. CARDJNl 
l 11sliluto de Tll vf's /igaciolles Bioquímicas, Fundación CamfJOIIWr 
rmd Facultad de CiPncias Exactas )' Naturales, Obligado 2490, Buenos Aires, A1·ge11'li11n. 
Severa] reactions in which uridin e diphos-
phate glucose acts as a glucose donor have 
been described. The products of these reac-
tions are: trehalose phosphate (1), sucrose 
(2) , sucrose phosphate (3) , bacteria! cellulose 
(4), callose (5), glucosides (6), and glycogen 
(7-9) . In a previous paper (10), it was re-
ported that the starch granule fraction of 
plant tissue catalyzes the incorporation of the 
glucose moiety of uridine diphosphate glucose 
into starch. The results of enzymic clegrada-
tion of the reaction product were consistent 
with the following formulation: 
U DP-glucose + acccptor -> UDP + 
a (1 ~ 4) gluf.SJ .. Yl-acceptor 
Furthermore, it was reported that sucrose, 
glucose 1-prosphate; and glucose 6-phosphate 
were either ineHective or inferior to uridine 
diphosphate glucose as glucose donors. Fur-
ther work on the su bject is reported in this 
paper. 
EXPERIMENTAL PROCEDEURE 
Substrates - UDP-glucose was obtainecl ac-
corcling to Pontis et al. (11). Racliactive 
UDP-glucose was prepared by incubation of 
glucose-6-P-CI4 with llDP-glucose and Sac-
charomyces fragilis extract and isolated by pa-
per chromatography (12) . Malto-oligosaccha-
1 ides were prepared by hydrolysis of a m y lose 
(13) ancl separation by a charcoal-Celite co-
• This investigalion was supportccl in part by a 
rcsearch grant (No·. G-3442) from th e Nalional In s-
LiLuLes of H ealth, United States Public H ealth Ser-
vice, by the Rockefeller Foundation and hy h e Con-
sejo Nacional de Investigaciones Científicas y Téc-
nicas. 
t This work was carried out cluring the tenure of 
a postdoctoral fellowship from the Univtrsity of Bue-
nos Aires. 
lum ( 14). Raclioac tive samples of these oli-
gosacchar icles labeled at the reducing glucose 
unit were obtaincd from glucose-C-1:4 with D-
ewyme and soluble starch (15) ancl separa-
ted by paper chromatography. 
PTepara ti011 of Enz;mu- Active extracts 
have been obtainecl from young patotoes, 
sweet corn, aml bca ns. A preparation of the 
latter was used in all the experiments descr i-
bed in this paper. The procedure was as fol-
lows. Fresl-Jy harvested immature dwarf be·ans 
(Phnseolus vu lgaris Bounfitul) were peelc.l , 
and the cotyledons ancl embryos were ground 
in a mortar with 2 volumes of water. Th~ 
coarse material was removed by straining 
through che·esc cloth, ancl the S!JSpension of 
starch granu les was ccntrifugecl for 5 minutes 
at 3000 r.p.m. The white sediment was su-
spended in severa! volumes of water ancl re-
centrifuged. Aftcr the procedure had been 
repeated three times, thc starch granules were 
suspended in 4 volumes of acetone at - 159 
ancl centrifuged at 09. The latter procedure 
"\\as repeated three times, after which the 
starch granules were dricd in a vacuum. 
Measurement of Enzyme Activity - The 
standard rcaction mixture, unless otherwise 
indicated, contained (in ¡,tmoles) : UDP-glu-
cose, 0.3; EDTA,l 0.1; glycine buffer at pH 
8.4, 4; ancl 5 mg o( enzyme preparation. The 
total volume of fluid was 14 ¡,tl. After incu-
bation at 379, UDP formation, radioactivity, 
or both, were m easurecl as follows. 
UDP Formation - The pyruvate kinase 
procedure describecl previously was used (9). 
When the bean enzyme preparation was 
heated in order to stop the reaction, starch 
paste was formed which made difficult the 
1 The abbreviation uscd is: EDT,\ , ethylenedi·ami-
nete traaceta le. 
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subsequenl m1xmg with the reage11ts. There-
fore, in most experiments, the phosphopy 
ruvate and pyruvate-ki11ase were added with-
out in activati ng the starch-formi11g enzyme. 
Radioaclivity iVfeasurem.en ts - (a) Stm·ch: 
Afler enzyme action, 0.5 ml of 50 7'o esthanol 
was addecl and the suspension was cel1trifu-
gecl. The supernatant fluid contai11ing oligo-
saccharides was s·et aside. The whit·e preci-
pitate was washed four t imes wilh 0.5 ml of 
50 % etbanol ancl then suspended in 0.4 to 
0.5 ml o[ water, heated for 10 minutes of 1009 
in arder lo disperse the starch. Suitable ali-
quots were then platecl on aluminum clisks 
and countod with a gas flow counter (Tra-
cerlab, Inc.). No correction was applied Ior 
self-absorption. 
In cxperiments in wich oligosaccharides 
wcre formed, it was observed that they were 
110t removed completcly from the slarch by 
the above mentio11ed proceclure. Therefore, 
in some experiments, the starch granules were 
Iirst ruptured by heating in 0.2 ml of 0.1 7'o 
Na0SO., during JO minutes at 1009, 2 volu-
mes o[ 95 7o ethanol were aclded, ancl the 
suspension was centrifuged . The supernatant 
fluid was usecl for ol igosaccharide estimation. 
The precipilate was redissolved in ct11ute 
Na~S0 1 as befare and reprecipitated. After 
the procedure was repeated four times, ancl 
aliquot was platccl for measuring radioacti-
vily. 
(ú) Oligosacc!tarides : The supernatant fluid 
obtainecl after the starch was centrifuged off 
as describecl above was dilutecl with 1 volume 
of water ancl passed through a column 0.5 cm 
diame tcr X 5 cm long of mixed-becl resin 
(Amberlile .l\lB 3, acetate) . The percolate 
was concentratecl and either platecl 011 alu-
minuim disks for measuring the radioactivity 
or spotted on paper for chromatography. The 
solvent uscd was butanol-pyridine-water (6: 
4:3) (16), ancl the paper usecl was Whatman 
No. 1 or 4. The times of development were, 
respectively, about 48 and 16 hours. Known 
Sénnples o( oligos::tccharides were run at the 
samc time ancllocated with silv·er-NaOH (17). 
The radioactivity was measurecl (a) by cut-
ting 1-cm strips, eluting with water, anc\ 
plating gn aluminium disks, (b) by introcluc-
ing the paper strips directly in a gas flow 
counler, (e) by scanning automatically with 
a Nuclear-Chicago model D-47 gas flow coun-
ler fittecl to C-lOOA actigraph II, (1h in col-
limator) . The relative number of cou11ts 
obtained in proceclures a, b, and e were, re-
spectively, about 100, 40, and 30. 
Separation of Starch Components - The 
starch (5 mg') was clefattecl by washing three 
times with 1 ml of hot methanol and then 
was suspended in 1 ml of water. The suspen-
sion was hcated at 1009 ancl homogenized in-
termittently in a tightly fitting small glass 
homogenizer for 1 hour. A small precipitate 
was removed by centrifugation, ancl 0.01 ml 
c.~f 1 O ~~ th y mol in ethanol ( 18) was acldecl. 
After 3 days at room temperature, the preci-
pitate (amylose fraction) was separated from 
the supernatant (amylopectin fraction) . 
Bromine Oxidation - The oligosaccharid·es 
separated by paper chromatography were elu-
ted with water. An aliquot (0.5 ml) was 
treated with Br2 and BaC03 ·as described by 
Smith and Srivastava (19). Excess Br2 was re-
moved by aeration, the solution was passed 
through a cation exchange resin (Dawex 
50-H4), and hydrolysis was carried out in 
I N H Cl at 1009 for l hour. The solution 
was concentratecl uncler recluced pressure and 
clried in a clesiccator over NaOH. After the 
residue was redissolvecl ancl neutralized with 
KOH, paper chromatography was carried out 
with butanol-pyridine-water (16) as solve11t. 
The zones corresponding to glucose and glu-
conic acid were then counted directly on the 
paper wilh a gas flow countcr. 
BoTohydride R eduction - The samples ob-
tainecl as for bromine oxidation were trea ted 
with borohydride as clescribed by Walker and 
Whclan (15), hydrolyzed, and chromatogra-
phecl 011 paper with cthyl-acetate-boric acid-
acetic acid as solvent. The sorbitol and glu-
cose zones were then counted as described be-
fare. In this procedure, as with Br2 oxidation , 
the losses were considerable when small 
amounts (about 1 ¡.tmole) of oligosaccharides 
were used. In cvery case, known samples o[ 
labelecl oligosaccharides were run at the same 
time. 
RESULTS 
PmjJerties of Enzyme - The dried enzyme pre-
parations could be storccl for severa! months 
at -159 without appreciable loss of activity. 
Grinding the enzyme in the dry state or in 
buffer solutions led to complete inactivation. 
The clry enzyme resisted heating for 5 minu-
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Fu:. l. pH o¡n; mum.oglycy l-glyci ne; • glycinc, • 
phospha te buffer. T he enzyme preparation (2 mg) 
was incubated for 2.5 hours (in l'moles) with: lJ Dl' -
glucosc, 0.32; EDTA, 0.1; and buffer ind icated , 2. To-
t;ll volume was 14 ¡d. Before UDP was mca.sured , 4 
pmoles of g lycine, b uffer of pH 8.4 were 'added in 
order to cqrrect l'or any cha ngc of pH that might 
a ffect thc pyruvate kina sc reac tion . 
tes at 1009. Suspended in water, about 25 7o 
of the activ ity was lost in 5 minutes at 509 
and about 80 % at 609. Many attempts to 
extract the enzyme from the starch granules 
with diHerent buffers, digitonin , or ,cJ etergents 
gave nega tive results. The addition of EDT A 
(0.01 M) did not a(fect the ac tivity and neit· 
her did 0.01 M Mg+ +. The pH optimum 
was found to be about 8.2 in glycine or gly-
cyl-gJycine buffer and ~put 7.5 in phospháte 
buffer (Fig. 1) . The rate of reaction increa-
sed with increasing amounts of enzyme (Fig. 
2), but the response was not quite linear. The 
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ra tures up to 459 (Fig. 3), at which tempe-
ra tu re the ra te of reaction fell with time. At 
379, the .reaction followed a linear course up 
• to a t leas t 4 hours, when the starch granules 
were not allowed to sediment either by shak-
ing or by keeping the fluid volume low in 
relation to the amount of solicls. Thus, with 
15 ¡.tl of liquid for 5 mg of dry enzyme prepa-
ration, no visible secl imentation occurrecl du r-
ing incuba tion. 
The K111 for UDP-glucose was found to be 
about 6 X 10·2 (F ig. 4). 
IJOURS 
l' tr:. 3. - Effcct of tcmperaturc. The cnzyme prepa· 
ration (2 mg) wa.s incubated (in ¡LtnOles) with; 
UD P-glucose, 0.32; glycine, pH 8.2; 2; and EDTA, 
0.05. Total volum e was 16 pi. 
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mH UDP • GLUCOSE 
I' tr:. 2. - Proportionality bclween action and amount 
of ctHyme. The amounts o[ enzyme preparation indi-
ca tcd werc incubated 1.5 hours at 379 with the stan· 
be;. -J.. - Effcct o[ UDP-glu cose conccntration. The 
standard reaction mixture. wir.h 2 mg of enzyme and 
va ri ab le amounts of UDP-g lu cose was incubatcd. The 
rates were calculated from straight lines joining the 
results o[ 1 ·, 2·, ·,111d 3-hour in cubation pcriods. darcl reaction mixture. 
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The main component of the enzyme pre-
paration is starch. The protein content was 
Iouncl to be 3 /Lg per mg when m easurecl with 
the methocl of Lowry et al. (20) after heat-
ing the starch granules 10 minutes at 1009. 
H the heating was omittecl, the rcsul ts were 
about 50 ro lower. 
Seprn·ation of Amylose and Arn.ylopectin 
In thc prev ious p a per ( I O) , i t was reported 
that a fter incubation of UDP-glucose-014 with 
the enzyme prepara tion, the radioactivity was 
transferrecl to starch and coulcl be recovered 
as maltose by trca tment with a-or ~-amylase. 
Thcse results showecl tha t the glucose tra n-
sferred from UDP-glucose becomes joinecl in 
a (1 - 4) linkage but did not give information 
as to whi ch of the two starch components, 
amylose or am ylopectin , was the glucose ac-
ceptor. An experiment clesignecl to clear this 
point is shown in T able I. Some clifficu1ty 
was exper ienced in achieving the complete 
solubilization of the starch granules. By si-
multaneous heating and mixing in a small 
glass homogenizer, solubilization was fairl y 
goocl, and practi cally no radioactivity r emai-
ned in the insoluble fraction. Subsequent 
separation with thymol gave the resutt ap-
pearing in Table I. It may b e observecl that 
the approximatel y equal amounts of radio-
activ ity were founcl in the amylose ancl amylo-
pcctin Iractions. The specific activity was 
abo ut 3-folcl higher in the former. However, 
it does not seem that a ny clear-cut conclusion 
can be clrawn from these cxperiments, as to 
whcther amylose is the precursor of amylo-
pect in , or vice versa, or if both act as clirect 
glucose acceptors from UDP-glucose. 
Glucose Transfer to Oligosaccharides - It 
was founcl that the bean enzyme preparation 
catalyzecl the transfer of glucose from UDP-
glucose to malto-oligosaccharicles . The pro-
cess was stucliecl in two ways, (a) with labeled 
UD P-gl u cose a ncl un la beled oligosaccharicles, 
(b) with labelecl oligosaccharicles ancl unlabc-
led UDP-glucose. 
(a) Labeled UDP-glucose - As shown in 
Fig. 5, the aclclition o[ maltose or maltotriose 
Lo the enzyme and UDP-glucose-C1.4 was founcl 
to lead to the formation of substances which 
migratecl on p aperas the corresponcling higher 
oligosaccharides. Thus, acldition of maltos,e 
gave mainly maltotriose and some tetraosc 
and p entaose. Likewise, addition of maltotrio-
se led to the form ation of mai-nly tetraose and 
some pentaosc and hexao e. 
In other experiments, the raclioactivity in 
the total oligosaccharides was measured bv 
Ii rst removing the starch by precipitation witl~ 
ethanol and the UDP-glucose-CH with a n io n 
exchange rcs in. One such experiment is 
shown in Tablc II. Adclition of maltotriose to 
the enzyme and UDP-glucose•CN increasecl 
UDP, led to the appearance of oligosacchari-
cles, ancl clecreased incorporation of r adioacti-
vity into starch. Glucose a lso decreased starch 
formation , but without giving rise to oligo-
saccharicles. Other saccharides such as fruc-
tose, sucrose, cellobiose, gcntiobiose, ancl sa-
licin clid not lead to oligosaccharide [orma-
tion (Table IJ) . In other experiments, glyco-
gen was testecl as gl u cose acceptor with nega-
tive results . 
"L \BLE I 
Sejwra'lion of starclt comj;onents 
Th.c slanclm·cl reaclion mixture, containing 0 .32 ¡.¡mo le o[ UDP-g·lu cose-014 (17,000 c. p.m.), was in -
cul.>a ted for 3 hours at 37\>. The statch granules were washecl with 50% e th a nol ancl trcated as dcscriuccl 
in "Experimental Proceclure" for the separation of starch component~. The two fract io11 s were then ;ma-
lyzetl for r ad ioa cli vity a nd glu cose content (2 1). 
Amylose .......... . ..• . 
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Ft<:. :i. - Labeled UDP-glucose and unlabeled maltose 
ami maltotriose. The standard reaction mixture (in 
¡:moles) wit h: 0 .22 of UDP-glucose-C14 ( 12,000 c. p.m .) 
plus 5 oí maltose or l of maltotriosc was used. The 
inruhatio n ]asted 1.5 hours cxcep: the maltotriose 
sa mplcs which were incubatccl 3 hours. Aftcr paper 
r hromatogmphy, the clifferent zones were eluted and 
ro untcd. The abbreviations usecl are: M ,, maltose; 
i\ L" tllalwtriosc; M ,, maltoLctraose· ancl M ,, m alto-
pentaose. 
TA BI.E II 
(;/unm' tnmsfer from UDP-glucose-Cl4 
to sacchm·ides 
Th c stalld•.trd reaction mixture, containing 0.22 
¡.¡mole of UDP-glucose-C114 (12,000 c.p .m.), was in-
cubated for 3 hours with l ¡.¡mole of aclditions indi-


















Starch 1 O li gosac- \ 
formed.l chandes 
fonned2 J 1 
UDP 
Sum formcd3 
8.3 2.6 10.9 9.2 
4 2 l. O 5.2 5.7 
4.7 16.2 20.9 21.5 
14.0 3.0 15.0 
10.3 0.9 1 1.2 
12.1 2.6 14.7 
12.6 3.3 15 .0 
'i.7 0.7 8.4 
8.2 4.6 12.8 
1 Oalcu la te<:l from rad ioa ctivity oE starch washed 
with 50 % eth a nol. 
2 Calculatcd from radi"oaclivity oE the Eraction so-
luble in r;o '/~ ethanol and not removed by mixed-
bcd resi11. 
3 :\fcawrcd with pyruvate kinase. 
TABLE JII 
Clttcose transfer (mm UDP -glucose -Cl t 
to oligosaccharidPs 
The standard reaction mixture, conLaining 0.53 
¡.¡mole oE UDP-<glucose-C114 (7300 c.p.m.), was incu -
batecl. for 3 hours. The starch was beatecl ancl prc-
cipiuared with ethanol as described in "Experimen-
tal Procedures." The background counts were sub-
tracted. 
Additions Starch 1 Oligosaccharidcsl Su m 
t.- .jJ.m. c ./J.71L 
Non e (L = O) ....... o 48 48 
Non e •• •••• • o o ••••• •• 700 64 764 
Glu cose . . ..... .. . . ... 304 58 362 
Mal tose ...... . . .. .... 610 77!> 1385 
Maltotriosc ... .. ...... 284 930 1214 
M a 1 totctraose •• o • ••••• 370 894 1264 
Maltopentaosc ........ 304 634 938 
The clifferent saccharicles of the maltose 
series from glucose to maltopentaose were tes-
tee! with the results shown in Table IIL In that 
cxperiment, the starch was solubilized and re-
precipitated severa! times in orx:ler to free it 
completely from oligosaccharides. All of the 
addecl saccharides were found to decrease the 
incorporation of glucose in starch ancl with 
the exception of glucose they all led to the 
formation o[ oligosaccharides. It appears 
thereforc that glucose inhibits the enzyme 
a nd that the di-and higher saccharides com-
pete as acceptors with the starch present m 
the gra nules. 
(ú) Labeled Oligosaccharides. - Man y ex-
perimen ts were carried out with the use of 
labeled glucose, mal tose, maltotriose, and mal-
topentaose, with ancl without unlabe!ed UDP-
glucose. 
Incubation with label ed glucose, with or 
without aclcled ol igosaccharicles, did not give 
rise lO the i ncorporation of radioactivity in 
sta rch or in oligosaccharides, 
Incubation of the enzyme with labeled mal-
tose, maltotriose, or maltotetraose and UDP-
glucose gave rise to a definite formation of 
the corresponding higher saccharides. None 
were formecl without UDP-glucosc. 
A rcpresentative experiment with radioac-
tive maltrotriose 1s shown in Fig_ 6, and one 
with maltotetraose appears in Fig. 7, 
In cubation with. radioactive maltotriose 
either with or without UDP-glucose did not 
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lead to any incorporation of radioactivity in 
the starch. Therefore, oligosaccharicles do 
not seem to be intermediares in the transfer 
of glucose from UDP-glu cose to starch. 
Successive Action of UDP-Glucose and Mal-
tose - Since it seemed possible that the tran-
sfer from UDP-glucose to oligosaccharicles 
might occur in two steps, that is first from 
UDP-glucose to starch ancl then from starch 
to oligosaccharicles, the experimen t shown in 
Table IV was carried out. In a first incuba-
tion, the starch wás macle with raclioactive 
with UDP-glucose-01\ ad it was then washecl 
FJG. 6. - Labelecl maltotriose Ootnc! unlabeled DP-
glucose. Standard reaction mixture plus 0.045 ¡.¡mole 
of maltotriose-CL4 (5600 c.p.m.). Time of incuba-
tion was 3 hours. After paper chromatog:raphy, tbe 
radioactivity was scannecl automatically. Abbrev~ations 
are as in Fig. !5. 
ancl incu bated with maltose. It may be ob-
servecl in Table IV that no raclioactivity was 
transferrecl to ma ltose from starch (tube 1) 
ancl that the control (tube 3) showecl that 
the enzyme was áctive during the second in-
cubation . 
StTucture of OligosaccltaTides - lnasmuch 
as the o1igosaccharides proclucecl by enzyme 
action were formecl from a (1 ~ 4) linked ac-
ceptors ancl not from others ancl because their 
behavior cluring chromatography on paper 
was iclentical with that of the a (1 ~ 4) series, 
it seems reasonable to assume that thcy all 
belong to that series. 
cm 
Ftc. 7. Labelcd maltotetraose and unlabelcd UDP-
g lu cose. Condit ions as in l~ig. 6, with 0 .04 ¡.¡mole of 
maltotetraose-C14 (5000 c.p.m.) instead of maltotriosc-
CJ.r4. Abbreviations are as in Fig. 5. 
TABLE IV 
Successive action of UDP-glucose and rnaltose 
The ~tandard 1·eaction mixture, containing 0.15 ¡.¡mole of UDP-glurose-C14 (8000 c.p.m.), was uscd. 
After the first incubation (2.5 hours), the enzyme was washed twice with 0.5 ml of water ami reincubatecl for 
3 hours with buffer and the different additions. i<inaily, 0.5 m! of 60 % ethanol was addcd . The soluble frac-
tion was passed througb mixed-bed resin and counted (oligosaccharide fraction). The insoluble fraction was 
washecl 4-fold with 60% ethanol (starch fraction). 
Additions during OJigOS<bC· 
Tu be Starch charidc 
First incubalion Second incubation fraction 
c.p.m. 
1 UDP-glucose-OH Mallose 020 4 
2 UDP-glucose-0114 560 20 
3 UDl'·glucose- 400 260 
C1'4 + maltose 
4 UDP-glucose-C.L4 520 70 
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TABLE V 
Borohydride 1·eduction and bromine 
oxidation of oligosaccharides 
The samples obtainecl by incubating maltotriose with UDP-glu cose-lrl (Fig. 5) . or maltotriose-C14 with UDP-
g1ucose (Fig. 6) with the enzyme were treatecl as clescribed in "Experimental Proceclure." The sa rnple 
o( ma1mtriose-Cl4 preparecl as describecl uncler substmtcs ''~s labeJ.erl at th e rccluring glucose unit. 
Subslancc studicd 
Borohydriclc reclucti on 
i\f, • from UDP-glu co~e-011 +M, 
;\l, from UDP-gl ucose-01<4 +M, 
M, from UDP-glucose + M,-014 
\'f, frorn UDP·glucose + M,-014 
\f,.CH (4000 c.p.m .) 
Bromine oxiclation 
i\f, from UDP-g1ucose + M,-014 
M, from UDP·gluco,e + M,-014 
\f,.QH (1000 c.p.m.) 
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• The ahbrevi•ations uscd are: \L,, maltotriosc; 1\ f , maltole lraosc ; all() ~r,. maltopcnlao,c. 
Some experimets were carriecl out in orclcr to 
find out whether the- glucosyl group addecl 
from UDP-glucose became attachecl to the 
reducing or to the nonreclucing encl of the 
acceptor. The reclucing sugar unit is tran-
sformecl into sorbitol by borohyclride recluc-
tion and hydrolysis and into gluconic acicl by 
bromine oxidation and hy,drolysis. The re-
sults of these proceclures applied to oligosac-
charides obtainecl by enzyme action (Ta-
ble V) are those expected if the glucosyl 
group from UDP-glucose became attached to 
the non red ucing end of the acceptor. 
DISClJSSION 
There is eviclence that in animal tissues, 
glycogcn is synthesized by glucose transfer 
from UDP-glucose (8) ancl not from glucose-
1-P as was believed. It has been pointed out 
that at least in some plant tissues (22), the 
1atio of inorganic phosphate to glucose-1-P 
is too high for the synthesis of starch via pho-
sphorylasc. Therefore, the fincling of an en-
7yme which transfers glucose from UDP-glu-
cose to starch may lead to a reinterpretation 
o[ present knowledge, and it may turn out 
that phospborylase is mainl y involvct! in 
starch breakdown. 
The bean enzyme preparation which con-
sists mainly o[ starch ami has a very 1ow pro-
tein content (3 p.g per mg) was found to 
ca talyze tbc transfer of glucose Irom UDP-
glucose to starch and also to aclcled maltose, 
maltotriose, or maltotetraose. The prepara-
tion appeared to be free from D-em:yme be-
cause it :d ie! not catalyze an cxchange of radio-
activity between glu cose ancl oligosacchat-i-
cl es (15). 
The Km for UDP-glucose was found to 
Lave a very high value (6 X 10 2) in rclation 
to other enzymes; for instance, a value of 
5 X 10-4 was obtainecl for UDP-glucose glyco-
gen transglucosylase (9) . Howerer, it shoulcl 
be notccl that the starch-synthesizing system 
consists of particles so tha t cliffusion factors 
may be involvecl. 
An interesting feature of the process is that 
it takes place in whole grains in which pre-
sumably the structural relation between cn-
zyme and polysaccharide is the same a Hl 
the intact plant tissue. 
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SUMMARY 
An enzyme h as been detected 111 a bean 
starch gra nule preparation which ca talyzes 
the following reac ti on, in which UDP is uri-
dine d iphosphate: 
UDP-g1 ucose + accep tor ~ U DP 
+ a ( 1 ~ 4) glucosy1-acceptor 
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ADENOSINE DIPHOSPHATE GLUCOSE 
AND STARCH SYNTHESIS 
E. RECONDO AND L. F. LELO!R 
l11slilulo de lu vcstigaciones 13ioquímicas, Fundación Cal!l.poma·r 
aml Facultad ri1· Cie11cias lcxaclas y Naturales, Obligado 2490, Buwos Aires, Argen•tilla 
In previous papers (Fekete et al., 1960; 
Leloir ct al., 1961) an enzyme was described 
which catalyzes g lucose transfer from uridine 
diphosphate glucose (UDPG) to starch or 
oligosaccharides. Severa] syn thetic n uc!eoside 
diphosphate sugars have now been tested 
with the s<~me enzyme preparation. They 
were prep<~ red Jollowing the procedures cleve-
loped by Khorana aml others (Roseman, Di-
stler, Moffatt and Khorana, 1961) with slight 
modifications . T h e most intercsting result 
was Lhat adenosine diphosphate glucose (AD-
PG) reacls about tenfold [aster than UDPG. 













Aclclition of ADPG to radioactive UDPG 
Jccl to a clecrease in the incorporation of ra-
clioactivity in starch (Table I) . The inverse, 
that is, addition. of UDPG to labelecl ADPG 
dicl n.ot produce any change. Table I also 
shows that the diU:erence in rate of transfer 
as estimated by UDP and ADP formation is 
also observable when incorporation of raclio-
activity into starch is measured. 
As in the experiments with UDPG (Le-
loir et al ., 1961) tbe glucose transferrecl to 
starch was found to be distributed between 





FIG. l. - Formation of ADP or UD P . Rcaction mixture (in¡m10le.s): 0.25 of substrate, 0.1 of 
cthylencuiaminetetraacetate, 4 o[ giycine buffer pH 8 .4, rand l mg of enzyme preparation . Total volume 
0.02 ml. Temperature 37\l. UDP (or ADP) measured with pyruvatekinase (Leloir and Goldemberg, 1960) 
aftcr l<tddition of 0.4 mi of 75 o/o methano l, centrifugation ancl evaporation of the t upernatant fluid . 
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A transfer o[ glucose to adclecl oligosaccha-
ricles takes place with ADPG as in the case 
of UD PG. Thus as shown in Table II, acl-
dition of maltotriose to labelecl ADPG ancl 
enzyme, led to the formation of radioactive 
oligosaccharides and to a clecrease in the in-
TABLE 1 
Additions 
Glu cose transferrcd lo 
starch 
c.p.m. m.umol es 
242 U DPG - 14 (9,500 c.p.m.) 
UDPG-Cl-4 (9,500 c.p.m.) 
ADP G-C14 (1,000 c.p.m .) 
ADPG-C14 (1,000 c.p.m ) 






+ U DP.G 488 
R eac tion mixture as in f igure 1 with 0.25 ¡Lmole 
ot substra tes (except ADPG-Cl4 of whi ch 0.1 5 ¡Lmole 
was addcd . lt was prepared wi th cquimolccular 
amounls of adenosine Y-phosphate morpholidate and 
glucose 1-phosphate-014). Total voiume 0.03 mi. In-
cubation tim e 50 min. Measuremcnls as cleso·ibed by 
Leloir el al. (196 1) . 
corporation into starch. Paper chromatogra-
phy showecl that the labelecl oligosaccharicle 
was mainJy maltotetraose. The resul ts ..... at.·e 
s iálilar to - those prev iousi y obtained with · 
UDPG. 





ADPG-(114 (2, 100 c.p.m.) O 996 
ADPG-014 (2,100 c..p.m.) + maltotriose 4 10 632 
R eaction mixture as in figure l . Maltotriose O. 67 
¡Lmo1e. Total volume 0.03 ml. Incubation time 1 
honr . 
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No formation of nuclebside cliphosphate 
was detected when the enzyme was incu bated 
with any of the following compounds: ino-
sine cliphosphate. glucose (obtained · by de-
amination of ADPG with nitrous acicl), cy ti-
dine diphosphate glucose, guanosine dipho-
spha te glucose, ADP-maltose, ADP-ga lactose 
or UDP-galactose. Furthermore the ~-anomers 
of ADPG ancl UDPG gave negative res ults, 
as also did an isomer of ADPG in which the 
glucose is joined to ADP through position 6. 
ADPG has been tcs ted with several other # 
sys.tems which a.re known to us.e UD PG. The 
synthesis of glycogen by muscle (Goldemberg, 
1961) , liver, and yeast prepara tions was about 
h alf as fast when ADPG was substitutecl for 
UDPG. Other systems which werc testecl 
with ADPG ancl gave negative or nea rly nega-
tive results were: the galactowalclenase sys tem 
(Caputto et al. , 1950), ancl sucr'ose or sucrose 
phosphate synthesis (Cardini et al., 1955; Le-
loir ancl CaPdini, 1955) . 
From the above mentioned results it seems 
that ADPG ancl UDPG react with the same 
enzyme and the question a rises as to whether 
ADPG has a role in slarch synthesis '' in vivo'.' 
There is one fact which indicates that ADPG 
may be a normal metabolite, ancl this is the 
prese11ce of an ADPG-pyrophosphory!ase in 
¡)Jant material. This enzyme which is being 
stuclied in this laboratory by Dr. J. Espada 
catalyzes thc formation of ADPG Erom acle-
nosine triphosphate and glucose 1-phosphate. 
It seems to be a different enzyme from 
UD PG-pyrophosphory !ase. 
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ISOLATION OF ADENOSINE DIPHOSPHATE D-GLUCOSE 
FROM CORN GRAINS 
E. RECONDO*, M. DANKERT* AND L. F. LELOlR 
lnstilulo de lnvestip;aciones Bioquímicas, Fundación Campomar 
and Facultad de Ciencias Exactas y Naturales. Buenos Aires 
r\denosine diphosphate D-glucose (ADPG) 
has been found to react about ten-folcl faster 
titan uridine diphosphate D-glucose (UDPG) 
in the synthesis of starch (Recondo and Le-
loir, 1961). Subsequently sorne evidence was 
obtained inclicating that ADPG is a natural 
compound. Thus a specific enzyme which 
catalyzes ADPG formation from adenos ine 
triphosphate ancl glucose 1-phosphate was iso-
lated from wheat flour (Espada, 1962) . Fur-
thermorc Kauss and Kandler (196~) observ-
ed that after administering 14C02 to Chlorel-
Ja a raclioactive compound which cochroma-
tographccl with synthetic ADPG could be de-
tected. Recent1y, a phosphorylase which acts 
preferentially on AB'PG and catalynes its 
phosphorolysis to adenosine diphosphate ancl 
glucose 1-phosphate has been found in wheat 
germ (Dankert, Gow;:alves ancl Recondo, 
1963) . The present communication reports 
the isolation of ADPG from an alcoholic ex-
trilct of corn grains. 
Fivc ki1ograms of sweet corn grains in the 
milky stage were disintegrated in lO -Iiters of 
ethanol (95 %) with a blendor ancl filter-
ed. The extract was precipitatecl with mer-
curic acetate as described by Caputto, Leloir, 
Cardini and Paladini (l950). After decom-
posing the mercury salts with H 2S the nu-
clcotides were adsorbed on charcoal and elut-
e.d with ethanol-ammonia-water (25:0.50:75). 
Aliquots were then submitted to paper chro-
matography in ethanol-ammonium acetate of 
pH 7.5 (Pa laclini ancl Leloir, 1952) (What-
man 17 paper). A band with the same mo-
bility of a synthetic ADPG was eluted and 
Jechroma tographccl in ethanol-ammonium 
acetate of pH 3.8 (Paladini ancl Leloir, 1952). 
After a final chromatography in the pH 7.5 
* Fcllows o[ thc Consejo Nacional ele Investiga-
ciones Cien tí ficas y Técnicas. 
solvent, a single band with the mobility of 
ADPG was isolated. About 8 ,.moles of ADPG 
were obtainecl per kilogram of corn grain. 
The ultraviolet spectrum of the compouncl 
was iclentical to that of aclenosine in acid, 
neutral or · alkaline medium. The substance 
moved like ADPG during paper electropho-
resis in sodium carbonate-soclium bicarbona-
te buffer of pH 9.2 and soclium phosphate 
buffer of pH 7.5. Chromatography in .etha-
nol-ammonia-water (Paladini and Leloir, 
1952) producecl adenosine monophosphate 
and a cyclic sugar phosphate as does synthe-
tic ADPG. 
After acid hydrolysis at pH 2 and 1009 
for JO minutes, the substance gave adenosine 
cliphosphate, some adenosine monophospha-
te and traces of adeninc, as was shown by 
chromatography in the neutral ethanol-am-
monium acetate solvent. Paper chromatogra-
phy of thc hydrolysis products in butanol-
pyridine-water (] eanes, Wise ancl Dimler, 
195!) and paper dectrophoresis in potassium 
tetraborate followed by treatment with the 
silver nitrate-sodium hydroxide reagent (Tre-
velyan, Procter ancl Harrison, 1950) revealed 
a largc glucose spot, and smaller ones in the 
zones corresponding to galactose and manno-
se. Adenine was the only ultraviolet absorb-
ing product produced by hydrolysis of the 
ADPG fraction in 3 N HCl at 1009 cluring 
1 hour, as judged by chromatography in iso-
propanol-HlCl-water (170:41:39) (Wyatt, 
19.51). 
The ratio aclenosine-total phosphate-reduc-
ing sugars expressed as glucose was 1:1.9:1.04. 
Total phosphate was determined by the Fiske 
ancl Subbarow method (1925) ancl reducing 
power by the Somogyi (1945) · ancl Nelson 
(19<14) methods. 
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An cnzymatic assay with glucose oxidase 
(Huggett and N ixon, 1957) after acicl hy-
drolysis showcd that 60 ro to 70 7(' o[ the 
reclucing sugar was g:ucose. The nucleosicle 
diphosphate sugar was tested with the starch 
syntliesizi ng enzyme from beans (Leloir, Fe-
kete an:l Carclini, 1961) ancl the orthophos-
phate aclenylyl transferase (Dankert, Gon¡;al-
ves ancl Reconclo, 1963) from wheat germ .. 
The results are shown in Table I. 
Apparently the substance isolatecl is main-
ly ADPG contaminated with other nucleo-
tides of similar structurc. Further studies are 
being carriecl out to clarify the nature of the 
contaminating nuclcoticles. 
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oxidase 70 100 
l Oalcu lated from absorbancy at 260 m¡t. 
2 Determined with pyruvate kinase (Cabib and Lc1oir, 1958). 
3 Measured with phosphoglucomuoase-glucose 6-phosphatc dehydrogenase (Munch·Petersen, 1955) . 
REFERENCES 
CABIB, E., AND LELOIR, L. F. , ]. Biol. Chem. 231, 259 
(1958). 
CArun·o, R ., LELOIR, L. F., CAROINI, C. E. ANo PALA-
DINI, A. C., ]. Biol. Chem. 184, 333 (1950). 
DANKERT, l\f., GONCALVT·S, J. R . J. AJ\'D R ECONDO, E., 
Biochim. et Biophys. Acla, in press. 
ESPADA, J., ]. Biol. Chem. 237, 3577 (1962) . 
fiSKE, C. H. AND SUBBAROW, Y., } . Biol. Che m. 66, 375 
( 1925). 
HuccEn·, A. St. G. AND 1\'IXO •, D. A., Biochem. ) . 66, 
12P ( 1957). 
JEANES, A .. vVISE, c. S. AND DIMLER, R . J., Anal. Chem. 
23, 415 (1951). 
KAuss, H. ANO KANOLER, 0 ., Z. Nalurforsch . 17, 858 
(1962) .. 
LELOIR, L. F., FEKF:TE, M. A. R. DE, AND CARDINI, C. E ., 
]. Biol. Chem. 236, 636 (1961). 
MuNCil-PET'ERSF:N, A., Acla Ch. em. Scand. 9, 1523 ( 1%5). 
Nm.soN, N. , ]. Biol. Chem. 153, 375 (1944). 
PALALHNr, A. C .. AND LF.LOIR, L. F ., Biocil em . ]. 51, 
426 (1%2). 
R.EcoNoo, E, ANO LELom, L. F ., Biochem. Biophys. 
Research Com111.tms. 6, 85 (196 1) . 
SoMOCYI, M., ]. Biol. Chem. 160, 61 (1945). 
TREVELYAN, \.V. E, PROCTER, D. P. , AND HARRISoN; J. S., 
Na:lure. 166, 444 (1%0). 
WYATT, G. R., Biochem. ]. 48, 584 ( 1951). 
PROCEEDINGS OF THE ::-JATJONAL .\CADEMY OF SCIENCES 
Vol. 53, N0 .1 , p. 86, 1965 
IN VITRO SYNTHESIS OF PARTICULATE 
GLYCOGEN * 
Bv J. MoRDOH t, L. F. LELOJR AND CLARA R. KRlSMAN 
liiSI itu.to de /mll'stigaciones Bioquímicas, Fundación Ca m pomar 
rwrl Facu/la~l de Ciencias Exactas y Natuwles, Obligado 2490, Buenos Aires, Argentina 
High-molecular-weight glycogen was first 
extracted from liver by Lazarow 1 who called 
it particulate glycogen. Since then, it has 
been studiecl by severa] workers, 2 ,(J bu t it is 
not known whether it is composecl of a-1 ,4 and 
u-1,6 linkecl glucosc resiclues only or if, in 
aclclition, it has other types o[ linkages or 
materials. 
The molecular weight of particulate glyco-
gen has been estimatecl 2 to be 50-200 x JQ6 
that of glycogen extractecl with colcl trichlo-
roacetic acid 4 5-70 X 10 6, and values of 
1-3 X lO e havc been assignerl to alkali-ex-
tracted glycogen . 4 
vVhen observed wtth the electron micros-
cope, 5, 6 liver particulate glyco~en appears as 
clust(lrs or rosettes of 60-200 m¡.t diameter 
composecl of subparticles of 20-40 m¡.t cliamter. 
The rosettes ancl the subparticlf's have been 
referred to as a and ~ particles, respectiveJy 
by Drochmans. 5 
The mechanism of glycogen synthesis is 
fairly well known 7 ·9 but, to our knowleclge 
no work has been done on thc in vitro syn-
thesis of particulate glycogen. 1t was reasonecl 
that starting with a high donor¡'acceptor ratio 
it shoulcl be possible to attain very high mol-
ecular weights. In fact, by incubating glucose 
1-phosphatc, glycogen, and purjfied enzymes 
in the right proportions, it has been possible 
to prepare glycogen which appears to be the 
same as that obtained by cold water extraction 
of liver. By a similar procedure, Illingworth, 
Brown, and Cori 1D had prepared glycogen of 
a molecular weight: 25 X JQ6. 
It is generally believed that the natural 
clonor for glycogen synthesis is uridine dipho-
sphate D-glucose, 7,8,11 but it was found 
more convenient to use gluco e 1-phosphate 
and phosphorylase because they can be obta-
ined in quantity ancl in pure forro. Since · 
glycogcn synthetasc and phosphorylase have 
the same acceptor specificity, 'l , 12 it seemed 
Jikely that the po1ysaccharicle formecl woulcl 
be the same. 
Materials am:l Methods . - Crystalline phos-
phorylase b from rabbit muscle and purifiecl 
branching enzyme from rat liver were prep-
ared as clescribecl by Fischer, Krebs, ancl 
Kent 13 and ~risman, 14 respectivelv. Glycogen 
and branching activi ty were mea su red accor-
ding to Krisman. 14, 15 
Particulate glycogen was extractecl [rom 
the livers of sucrose-fcd rats. Homogenization 
was carriecl out in 3 vol of 0.1 M glycine 
buffer, pH l 0.4, followed bv centrifugation 
a~ described previously. 16 The glycogen pellet 
was resuspenclecl in the glycine buffer, ancl 
proteins were removed with chloroform and 
iwamyl alcohol as described by Sevag, Lack-
mann, and Smolens. 17 Alkali-extractecl glyco-
gen was pPepared as described by Somogyi 13 
Electron microscopy was carried out a(ter 
negative staining with phosphotungstate. The 
proceclure was as fol lows: gricls, covercd with 
Formvar ancl coatecl with carbon, were im-
mersecl in a cletergent solution (1 % Tri ton 
X-1 00) , washecl wi th distillecl water, ancl 
driecl. A thin film of glycogen ~.olution (about 
2% ) was extended over the ~rids with a wire 
loop. Excess liquid was sucked off with filter 
paper, and then a film of 2-4 per cent 
phosphotungstate was applied in a similar 
manner. The latter was prepared by neutral-
izing phosphotungstic acicl with tris (hydro-
xymethyl) aminomethane. Observations were 
carriecl out in the electron microscope (Sie-
mens-Elmiskop I) with a double conclenser, 
and photographs were taken at 30,000 or 
40,000 clirect magnifications. 
Results. - In vi tro synthesis: The sedi-
mentation of clifferent glycogen sa¡nples was 
176 ;\ IORDOH, LELOlR, KRlSMA~ 
studiecl in preliminary experiments. After 
centri rugation at 11,300 X g for 10 min, it 
was Iound that the sedimentation of partic-
ulate glycogen was 78 per cent while that of 
alkali-extrac ted glycogen was only 7 per cent. 
The results of incubating 'glucose 1-phos-
phate, phosphorylase, and branching enzyme 
are shown in Table l. It m<ty be observecl 
that in sample 1, 76 per cent of the glycogen 
was sedimentable. In the other samples, the 
proportion of sedimentable glyrogen formecl 
depended on the amount of acceptor present. 
Tlms, sample 5 in which glycogen was present 
only as an impurity of some of the reagents 
gave the highest value (93%). In contrast, 
sample 7 in which more glycogen was adcled 
initially gave a value of only 10 per cent. In 
sample 8, in which a larger amount of alka-
Ji-extracted glycogen was adcled but glucose 
J -phosphate was omittecl, no sedimen table 
glycogen was formecl . This shows that the pro-
tcins (phosphorylase ancl branching enzyme) 
do not produce aggregation by themselves. 
The absorption maximum in the presence 
oi iodine was at 4.60 mp. both for the glyco-
gen synthesized in vitro and for the particu-
late glycogen isolatecl Irom liver. In some ex-
periments in which phosphoryl<lse was rela-
tively more active than the branching enzy-
me, the polysaccharíde gave at íirst a purple 
color with iocline, similar to' that given by 
amylopectin. On.further incubation or on ad-
dition of more branching enzyme the co-
lor became brown like that of glycogen. 
Electmn micmscopy: When observecl with 
the electron microscope, the p<'.rticulate gly-
cogen ísolated from rat liver (Fig. lA) ap-
pea recl as particles of various ;; izes. The día-
meter of mosto( them was 80-100 mp., and the 
extreme values were 20 ancl 180 mp.. The sub-
particles hacl a cliameter of 10-24 mp.. The re-
sults were tbere[ore similar to those clescrib-
ecl by other workers. 
The glycogen prepared in vitro (Fig. lB) 
with the complete system as describecl in Ta-
ble 1, was composecl of particles of slightly 
more uní[orm size, most o[ them of 90-100 
m11. diameter with extreme values of 40 and 
160 mp.. The subparticles had a cliameter of 
14.-25 m p.. The general appearance was iden-
tical to tha t of partículat:e glycogen isolatecl 
from líver. Figure 1 C shows, for comparison , 
the appearance of alkali-extracted glycogen. 
Effect of dilution: As shown in Table 2, 
dilution o[ the glycogen-Iorming system clid 
TABLE 1 
Tu l!Í/ro rORMATIO:\' OF PARTJCULATC GLYCOGEN 
Samplc 
11(). 
Compl ete systcm 
2 No glucose 1-p bosphate 
3 No phosphorylase b 
4 ~o bran ching enzy.rne 
:> No glycogeu 
6 :-.:o additiona1 mlenosine 5'-
phosphate 
i Complete plus aclcliliona1 
glycogen 



































Thc complete system contain ecl: 35 ¡.tmoles of glucose l-phosphate, 0.13 ¡.tmoles o[ 
adeno~jnc 5'-phosphate, 17 ¡.tg of phosphorylme b, 0.1 mi oE 1ivcr branching cnzyme. Tola] 
vo1ume 0.22 ml. After 30 min. at 379, 0.2 m1 o[ 0.1 l\I glycine buffer oE pH 10 w.as addcd. 
The branching enzyme was estimed according lo Krisnmn 1'4. Ten ¡.t1 oE Lhe preparation 
gave a ¡j, aboorbancy at 520 m¡.t oE 0.47 per 30 min. 
':' The samplrs wcre analyzcd for glycogcn befo re and a[ter cenlrifugn lion at 11.300 X g for 10 m in. 
Thc differcncc was taken as sedimentable glycogcn. 
t Undcr thc conditions dcscribcd by Krisman.15 
SYNTHESJS OF J>ARTJCULATE GLYCOGE~ 
}'c. 1. - (A) l'ani culatc gly, ogen e-xlracted from nt Ji,·er. :\'egati,·e ~laining with phospho-
tu ngstalc, 9ü,OOO X· (B) G lycogen prepared in vi·tro as descrihed in Table 1, 90,000 X · (C) 
C lycogcn exlracted with alkali, 120 ,000 X· (D) Overgrown parlicles preparcd as described in 
lexL, 90.000 X · Thc linc in the lowcr lefl corn-er is 100 m¡.¡ . 
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TABLE 2 
EFFECT OF DILUTim; 
Samplc no. 























Complete systcn\ as in Table 1 but with diffcrént total volumcs. 
not decrease the proportion of sedimentable 
glycogen formed. 
Overgrown rnolecules: In order to ascertain 
whether there is an upper limit for the size 
of the particles, glycogen was prepared as 
described for sample 5 in Table l. After in-
cubation, glycogen was separated by centri-
fugation and treated again with enzymes and 
substrate. The pwcedure was repeated three 
times. This glycogen could be sedimented 
with a very low centrifuga! force: for instan-
ce, 80 per cent of it was sedirnented at 700 
X g for 20 min, while only 6 per cent of the 
liver particulate glycogen sedimentecl under 
the same conclitions. Observation with the 
electron microscope (Fig. ID) revealed enor-
mous particles of up to 380 m!J. rliametér. The 
subparticles hacl a diameter of 15-25 m,... 
Discussion. - The glycogen formed in vitro 
from glucose 1-phosphate appean to be iden-
tical to particulate glycogen i olated from li-
ver, as judged by sedimentation in the cen-
trifuge ancl its appearance when observecl 
with the electron microscope. This fact per-
mits sorne decluctions on the nature of the 
link which joins the subparticles. Since pu-
rified enzymes werc usecl for the in vitro syn-
thesis, it seems very unlikelv that any other 
type o[ bond in acldition to the a.-1 ,4 an~l 
a.· l ,6 glucosiclic linkages couJd ha ve been for-
mecl. Low-molecuJar-weight glycogen did not 
become particulate in the absenre of glucose 
1-phosphate, so that none of the proteins used 
in the test procluced aggrcgation per se. 
A possibility which has to be consiclered 
is that as the subparticles grow, they may be-
come entanglecl so that larger aggregates are 
formecl. If this were the case, it wouJd be ex-
pected that less particulate glyrogen woulcl be 
formecl on clilution. In fact, no cha nge was ob-
served on increasing the volume 3-fold (Ta-
ble 2) . 
It has been shown that liver particulate 
glycogen can be obtained practically free from 
protein and that treatment with urea, deter-
gents, trypsin, or chymotrypsin 2 does not cau-
se disaggregation. According to this eviclence 
ancl that presented in this paper, it appears 
unlikely that particuJate glycogen contains 
any other type of bond besides the glucosidic. 
However, it has been pointecl out ~hat this 
type of gJycogen is degradecl by acicl or alkali 
at a rate which seems to be grcater than that 
of alkali-extractecl glycogen. Thi~ fact might 
be explained as folJows. Assuming that glyco-
gen has a regular structure in which the bran-
ches divide into two at regular intervals, Pol-
larcl l9 calculated that there is a maximum 
limit in molecular dimensions when the clia-
meter reaches 26-40 m,... \IVhen this size is 
attainecl, further growth becomes impossible 
because no more glucose resiclues can be pac-
ked in a sphere of that diameter. The maxi-
mum diameter calculatecl by Pollarcl corres-
poncls to that of the su bparricles obs·ervecl 
with the electron microscope. Growth beyond 
that size could occur, but irregularly. A 
branch coulcl grow out of the ~ubparticle and 
thus start another particle; re pe ti tion o[ this 
process woulcl give rise to particulate glyco-
gen. The bonds between subparticles would 
be a.-1,4 glucosiclic but they would be ex-
perted to break easily under th e strain pro-
ducecl by the thermal agitation of the sub-
particles. This would explain the lability of 
particula te glycogen. 
Summary. - Incubation of glucose 1-phos-
phate with crystalline phosphorylase and pu· 
rified branching enzyme leads to the forma-
tion of particles which are undistinguishable 
from particulate glycogen as judged by their 
rate of sedimentation or by their appearance 
when observed with the electron microscope. 
The structure of particulate glycogen is dis-
cussecl in view of the evidence presentecl. 
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PROPER TIES OF SYNTHETIC AND NATIVE 
LIVER GLYCOGEN 1 
A. J. PARonr z, C. R. KRJSMAN, L. F. LELOIR AND J. l\IoRDOH 3 
Instituto de lnvestigarion es Bioquímicas, Fundación Campomar 
a/1(1 Facu/Lacl de Cie11rias Exactas )',Naturales, Obligado 2490, Buenos Aires, A ¡·ge?rtina 
The properties o( high mol ecular wcight glycogen exlr~cted from rat li,·e r a.nd o( that 
preparecl in vi tm with muscle phosphory lase and liver bnanching enzyme have been com -
pared. The stability at di((erent pH values was measnred spec.trophotometrically for liver , 
corn, and syntheüc g lycogen. The [ormer is more labile, but the shape of the pH-snability 
curve is verv sim il ar for all o( them. Borate, copper , ancl iron •acce lerate the clecomposition 
of th e t hrce. types of glycog·en . Sonication produces breakdown but affects in the same way 
synthetic a nd liver glycogen. After shortening the outer chains with ~-amylase, n.ative liver 
g· lycogen becomes sli ghtly more stable to acicl treatment and élecomposes giving snmller mo-
lendes than the untreatecl g·lycogen. Glycogen extracted from livers of toad ancl pigeon was 
~· imilar in mol ecular weight clistribution and acid lability lo that of: rat liver. Rat mnscle 
glycogen h•ad a molecular " ·eight of about 8 million. 
High molecular weight liver g-lycogen (par-
ticulate glycog·en) has been stucl icd by severa] 
methods. Est.im ates of the sedimentation coef-
ficients give val ucs which ntnge from less 
than 100 up to 10,0005· ·(1 , 2) . These values 
woulcl corresponcl approximately to molecular 
weights of lcss than 1 O to more than 30'00 
million. Observations with Lhe electron mi-
croscope show large panicl es of 60-200 m¡.t 
diameter composed of 20-40 mu. ~ ubunits . The-
se were rererrccl to as a-a ncl ~-par ticles, res-
pectively, by Drochmans (3) . On the b asis of 
the action of cletergen ts, urea, and enzymes, 
Orrell el al. (4) rcachecl the co nclusion that 
Lite subunils are not held togeth e,- uy protei,1, 
h'j(hogen. bon(\ , m: nude\c. ac\t\ . 
Mordoh et al. (5) obtained preparations of 
h igh molecular weight from gl ucose 1-phos-
phatc with purified phosphorylase and branch-
ing enzyme. Observations with the electron 
1 This investigation was supportccl in part by a 
rc-scarch grant (C M 03442) from -the National lns-
titutcs oE I-lealth. P.S. Public Healllt Service; by the 
Rockcfeller Founclation; ancl by the Co nsejo Nacio-
nal de Investigaciones Científicas y Técnicas (R. Ar-
genti111a). 
2 Fcllow o[ the Consejo Na cional de Investigacio-
nes Científi cas y Técnicas (R . Argentina) . 
3 Career investigator of the Consejo Nacional de 
)11\ CStigaciones Científ icas y Técnicas (R . Argentina). 
microscope showed that these svntheLic pre-
parations were sim ilar to those of native liver 
glycogcn. However, further work (1) showed 
Lhat the Jatter is more labile to heat, a lkali , 
and acid. The Lype of breakclown is also clif-
ferent bccause the molecular ""eight o[ syn-
thetic samples dccreases progressively while 
mtive liver glycogen gives preíerentially mo-
lecules of 8 million claltons. Morcloh et al. 
(1) suggestecl that native liver glycogen might 
havc one '' lab ile" bond for evcry 50,000 g lu-
cose resiclues. This work has b een conti nuecl, 
and a more dctailecl analysis of the break-
clown o[ both glycogens has been carried out. 
EXI'ERlME . 'TAL PROCED UR E 
Synth et ic glycogen was preparecl as described pre-
viously (:3) . Native liver glycogen was obtained by 
th e I-lgCI, m e thod (1) followecl by clialysis. Rat mus-
ele g lycogen was ex tracted by homogenizing in 8 \ '0-
lumes o( neutralizecl 3 % HgCI, for 2 minute; in a 
blender. After two extr.actions the yielcl was about 
70 % of that obtained with the usu>al KOH m ethod 
(6). Jt was verifi ecl that with this treatment the mo-
lecular weight of native liver glycogen dicl not chan -
ge. Corn glycogen was obtainecl as previously cle-
scri becl ( 1) . 
The sed imentatio n Tale . oE glycogen in sucrose 
gradients was measurecl accorcling to Mordoh et al. 
( 1) , In so me m ses la rger scale sepa rations wcre 
per fo rmecl in order to obta in glyco¡;en of more homo-
geno us molecular weigh t. 
Sonication was carri cd out with a Rayth eon so-
ni cator at JO kilocvcles per seconcl. 
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Thc analytical mcthods uscd wcre as fo ll ows: gly-
wgen accordi ng· to the iocline method of Krisrn.an 
(7), ,mcl nonreclucing end ¡p·oups with perioclate as 
describecl by FaJes (8). The clegrec of B-amy lolysis 
was dctermined by incubating glyc.ogrn ancl a commer-
cial prcparation of B-a mylase in O l l\1 citrate buffer 
of pl-1 6.4. Aliquots wcrc takcn at severa ! intervals 
until the reducing power reachecl a plateau. The 
product was character ized as maltose by paper chro-
mawgraphy in butanol-pyricline-water (6:4:3) (9). 
Thc initial amount of glycogen wa~ mcasurecl by thc 
phcnol-sulfuric acid methorl ( lO) . and the reducing 
powcr by the Somog)i ( 11 ) -Ndson (12) methocl. Thc 
absorbancc of g lycogen solutions was mcasured at 
300 lll,U· 
RESULTS 
Breakdown of glycogen measumd by chan-
ges i11 aúsorúance. The degrada tion of glyco-
gen can be easily followed with a spectropho-
tometer. The absorbance per unit weight is 
theoretica lly pmportional to the molecular 
weight, ancl Jor polydisperse materials it is 
prcportional to the weight average molecu-
lar weight (13) . T herefore for the same num-
ber of bonds hydrolyzecl, the percen tage de-
crease in a bsorbance should be larger for hea-
vier fractions tha n (or 1 ighter ones. 
When nativc livcr glycogen is heated to 
l 009 the absorbance de creases progressivel y 
as hown in Fig. l. The rate o~ change de-
pencls on the pH ancl on the nature of thc 
ions. Severa! of the usual analytical a ncl gra-
phical proceclures were triecl in orcler to ex-
press the rate of thc reaction, but none of 
them was sa tis(actory. 
In order to Iincl out if the c.ourse o( thc 
reaction was similar u ncler di fferen t condi-
tions, the curves of clecrease in absorbancc 
were plotted against time. Bv changing the 
time sca le all the points could be macle to 
fa ll on the same curve. The results are shown 
m Fig. l. The breakdown curv;~ ·with acetate 




l~ I r. . l. - The clecrcase in absoriJrar;ce of n.ative liver glycogcn heated to 1'000 in cliffcrenl bu[[crs.' Thc 
absorban cc WklS measurcd at 500 m,u. The abcissa sea le was recluced by the indicated fac tor. For instance 
.he r al scale for glycinc would b e 15 tirncs la1·ger Tlle molaritv o( the buffcrs was 0.1 M. 
SYNTHETIC AND NATIVE LIVER GLYCOGEN 183 
T:\ fiLE 1 
Effect o[ H eat ing Glycoge11S 1mder 
Different Condilions <' 
Addition pH 
nati vc synthe lic 
Sodium a oc tate 5 2 5.5 
Sodium ci tt·a te 6.4 10.5 20 
Citralc + 10-"M 6.4 30 
EDTA 
Po ta ssi un1 phos- 7 11 8 
phate 
EDT.\ 7 20 7.5 
Tris-H CI 7b 2 
Clycine-NaOH 9.1 25 30 
EDT.\ 9.1 30 13.5 
Di c1 hyl barbitu- 9.1 ll ll 
rat c 
2-.\mino, 2-eth yl 9.1 21 13.5 
1 ,3-prop·aned iol 
Soclium tctrabo- 9.1 2 3.5 
rate 
Sod ium Letrabo- 9.1 2.5 3.5 
ral e + EDT.\ 
Sodi tlnl ca rbonat'e 10 12 35 
Sod ium hytlroxidc 13 4 3 
(fl.1 ~1) 
Sodiurn hvd roxid c 12.7 8 














a Thc absorbancc at 500 lllJ.L was m easurecl b e-
fore a ncl a fter heating Lo 100\l for 5, 10, 15, and 20 
minutes. The values of 't00 , t83 , and t 70 were calculated 
as describccl in tcxt. Concentration W1as 0 .1 M, un-
1ess o thcn visc inclica tecl . The pH values are those 
of th e solutions at 25\l. 
/1 pH decrcases to about 5 on he:Hing to 100\l. 
scale in minu tes. The results obtained with 
other buffers are plottecl with contracted ab-
cissa scales. The results can be expressed ei-
ther in l 50 , i. e., the time at which absorbance 
becomes half, or as relative stability factors , 
i.e., the number by which the time scale has 
lo be contracted in order to obtain superpo-
sition o [ the curves. For instancc, in Fig. l, 
if the results with acetate of pH 5 are taken 
as egua! to one, the relative stahility for gly-
cine bu [fer is l 5. Superposition of the curves 
was also obtainecl with synthetic ancl corn 
glycogen . 
The results o( heating na tive liver, corn, 
and synthetic glycogen to 1009 in different 
bu(fers are shown in Table l. The decreases 
in absorbance were much smaller for corn 
and synthetic glycogen, so that results are 
given in t70 and t83, respectively, insteacl of 
l r.o used for liver glycogen. This proceclure 
allowed comparison of the bre'tkclown of each 
glycogen under different conditions but not 
• o [ one type of glycogen with the others. a-
tive liver glywg.en is most stable between pH 
7 and 11 and decomposes rapidly at pH 5 
a nd 13. Sodium tetraborate accelerates the de-
composition as compared with other buffers 
of the same pH. A rapid clecomposition was 
also observed with Tris-HCl of pH 7; howe-
ver, it was found that on heating to 1009 the 
pH as measurecl with indicator~ decreases to 
about 5. The same acidification on heating 
occurs with buffers of other organic bases 
such as ethanolamine and triethylamine, but 
not with the other buffers. In the previous 
p aper (1, Fig. 8) a curve is shown in which 
the decrease in absorbance at pH 7 is repre-
&e ntecl . At the time, it had not been noticed 
tha t such large changes in pH occurred on 
hea ting Tris buffer. The actual pH must ha-
ve been near 5. 
It was found that complexing agents such 
as glycine, EDT A, and citrate decreased the 
rate of decomposition, and therefore the ac-
tion of some metals was testecl. As shown 
in Table II, Cu + + ancl Fe3+ increased the 
ra te of decomposition of both native liver and 
synthetic glycogen. Hg+ + ha el the opposite 
e Hect. Citrate was u sed as buffer in these ex-
periments, and the amount of free Cu ++ can 
be calculated to be of the order of 10-3 M. 
Effect of the pH on the brrahdown of dif-
f erent g ly cogens. It was expect~cl that infor-
mation on the nature of the •'Jabile'' bonds 
of native glycogen might be obtained from 
the effect of pH on the breakdown. For this 
T \BLE U 
Effert uf ¡\fr lals g on Clycogen Stabi lity 
lr.o too 
Metal 
N onive Cha ngc Synthelic Cha nge 
% % 
Non e JO .S 6. 7 
l'e3 + 4.0 -63 2.5 -63 
Cu ++. 5.5 -49 .1.5 -78 
Pb ++_ 7.5 -31 3.0 ~55 
Zn ++_ 8.6 -20 5.0 -25 
Co ++. 11. 3 +5 5.3 -21 
Hg ++_ 1!í . O +39 13.3 + 100 
a Thc sa mples wcre h caled lo 1ü0\l in 0.1 M ci ltnle 
plu s 0.01 \1 of m e tal. 
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p urpose samples ot glycogen were h ea ted to 
1009 for 5, 1 O, 15, a nd 20 minutes at diffe-
rent pH values. An EDT A buffer was used 
tliroughout in order to minimi!-e tl~e - effect 
ol metals. The relative stabi lity w:lS calculat-
ed as descr ibed for Fig. l. The rates o[ ch an-
ge in absorbance for the different glycogens 
could not be compared clirectlv, because in 
most cases the initial molecular weight was 
not the same ancl the breakdown products 
were different. However, the results can be ex-
pressed relative to ch anges at a certain _ pH. 
In this case the stability factor of each gly-
cogen at pH 7 was taken as l 00, and the res-
pective values at different pH values were 
proportionally modifiecl. The results are 
shown in Fig. 2. It may be observecl tha t the 
curves for native liver, synthetic, ancl corn 
glycogen are similar although native liver gly-
cogen degrades faster . 
Effect of temjJemture on acid brealu lown . 
The action of acid on na tive li ver ancl syn-
thetic glycogens at different temperatures was 
studied. When the decrease in absorbance was 
plotted against time it seem ed that at 09 the 
curve became horizontal a t a higher leve! 
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series is contracted, all the point5 [all on the 
same curve (Fig. 3). In 01:d er to obtain su-
perposition of the points it was necessa ry to 
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l ' 1r.. 2. - EHec.t of pH on thc sta hil i ty of synt hetic, 
wrn , aml nati ve Jivcr glycogen. The pH val ucs in -
di ca tcd correspond to the solut ion at 2:)'!. Th ey did 
not change more tha n 0.2 pH uni t on heating LO l OO <.> 
as j uclged by the color of indi ca tors. Thc rcii·Jti\'C 
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MINUTES 
F1c. 3. - EEfert of tcmperaturc on thc breakdown of native livcr 1a nd synthctic g lycogen . 
The samples were maintained at the indicated temperatures in 0.1 N H Cl and neutralized 
with a slight excess o( dipotassium phosphate at different times. Three abcissa sca les are 
drawn: one for the res ult s at 289 and Lwo for the values obta ined at Q9. 
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respectively. It may be concluded that the 
reaction follows a similar course at different 
temperatures and that only the rate is changed. 
1 t was checkecl by graclient c.entrifugatiop 
that the type of breakdown Df native liver 
glycogen at 09 in 0.1 N HCl is the same as at 
room temperature. 
B1·eakdown producls. It was observecl pre-
viously (1) that 0.1 N HCI at 379 degrades 
native Iiver glycogen with preferential forma-
tion of molecules of l 00 S which corrcspond 
to a molecular weight of about 8 million. The 
samc typc of experiments has now been car-
ried out under other conditions. The chan-
ges in molecular weight were followecl by gra-
dient centriJuga tion after heating at 1009 in 
0.1 N NaOH, 01 M sodium tetnhorate, water, 
or 0.1 N aOH-8 M urea. In every case the 
first change was the appearance of 1005 peak 
at the expense of the h eavier fr.1ctions so that 
a two-peak curve was obtained . On a pro-
longed treatment, the heavy pe<c~k disappear-
ed ancl the 1 OOS peak was more slowly clis-
placed to Jower values. 
Syn thetic samples treated wi th 0.1 N HCI 
(379) , 0.1 M sodium tetrabora te (1 009) . 0.1 N 
NaOH-8 M urea (1009) behaved in a different 
manner from n a tive- .glycogen. The heavy 
peak was progressively displaced but there was 
no formation of l OOS moleculcs. 
Sonication. In the previous paper (l ) it 
was reported that sonica ti on a ffected n ative 
livcr a nd synth et ic glycogen in a diHerent 
way, but the two sa mpl es userl were of very 
different molecular weight distribution. The-
rdore the effect o[ sonicat ion has been tested 
again w ith samples of the SJme molecular 
weight, ancl as shown in Fig. -1 it was found 
that the type o[ breakdown is very similar for 
both glycogens. Thc heavy frar:tions give ri se 
lo lighter molecules ancl a two-peak curve is 
formecl. The secl imentation coefficient of the 
1 ight f raction ra nges betwecn l 00 ancl l 0005. 
On a prolonged treatment the heavy peak 
disappears ancl the light one becomes lighter 
ancl more h omogeneous. Sonication cloes not 
lea el to the preferen ti al formJ tion of the 1 OOS-
peak as occurs with acid or heat treatment 
on lliltive liver glycogen. 
A.nother cxper iment which showecl that SO· 
nication breaks clown native Jiver glycogen 
in a difieren t m a nn er tha n a cid was carriecl 
out as follows. Two samples of native liver 
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F1r.. 4. - The effect of sonication Soni cation was 
carr ied o ut al 259 in water for the times indi cated in 
thc figure. Thc two uppcr cliagmm s corrcspond to 
analytical runs o[ 30 minutes. The time for th e two 
lower o nes was 2 hours. In the latter, u.ndegra<led 
natives ancl synthetic glycogens wcre omittccl because 
nearly all of thc materia l appeared 1n thc pcllct. In th e 
lower cliagram , the full circle ( • ) curl'e corrcspon:ls 
to a IOü S preparation obta ined by acicl trcatmcnt. 
<•ncl another by aci d, so as to produce sam-
ples of app rox imately the s ;~ nic molecular 
weight. As shown in Fig. 5, a lrhough the ran-
ge of' secl imcntation coeff i c i ent~ was similar 
for both preparations, th e acid one is less po-
I yd isperse. Both samples were then treatecl 
by 0.1 :-< HCI (5 minutes, 379) . Figure 5 also 
shows that thc glycogen pretreMed with acid 
w::ts harclly affectecl, whereas tha! obtainecl by 
sonication gave rise to the [ormation of a con-
siderable amount o[ a lighter compon ent of 
755. 
Jt therefore seems that th c bonds broken 
clown by acicl are cliHerent from those af(ccted 
by soni cation. 
End group 71/er/.l1/'l'e l!1enl and ~-amylolysis. 
Sa mples o( synthetic ancl nattve livcr glyco-
gen of approximatel y the same molecula r 
weight were usecl Ior measurements oi the 
number of cnd groups with perioclate and of 
the degree of B-amylolys is . As shown in Ta-
ble III, the two samples dicl not diffcr signi-
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Flc. 5. - Thc dfect of acid after soni cation. Native liver glycogen was d egnaded with 0.1 
N HCl at 3i 9 for 10 minutes or by sonica.tion for 12 minutes in 8 1\L urea klt room temperatul'C. 
so as LO obtain a population of about IOOS. Both smnplcs were then treated with 0.1 N HCI 
at 379 for 5 minutes, ancl the rate of sedimentation in sucrose gradients was measured 
(15,000 rpm for 300 minutes). ( A ) IOOS obtained by sanie treatment ("1000 sanie");. (11 ) 
"IOOS sanie" af lcr acid treatm ent; (• ) lOOS obtained by acid treatment ("lOOS aeid") ; 
( o ) "IOOS acid" after a,cj,cl treatmcnt. 
Iicantly. After an acid treatment which lower-
ed th e molecular weight to ahout the same 
extent, the degree of ~-amylolysis increased 
equall y in both samples. Presumably this in-
crease was due to the [act tha t after .a cid treat-
ment sorne long interna! or "buried'' external 
bra nches b ecame available to enzyme action. 
Other samples of synthetic glycogen had 
longer outer branches and some of them gave 
~-amylolysis values of 50-55 % before the acid 
trea tmen t. 
Effecl of acid on ~-lirnit dextrins. Treat-
ment o( native liver glycogen with ~-amylase 
lec! to the removal of about 4-0 % of the gly-
cogcn residües from the exterior branches. 
The f3 -limit clextrin obtainccl was found to 
be clegraded more slowly by 0.1 N acid than 
n a tive samples. Figure 6 shows the course of 
the breakclown o( the ~-limit dextrin com-
p ared with a sample of nativc liver and syn-
the ti c glycogen o[ the same molecular weight. 
The initial distribution of molecular weights 
appears in Fig. 6A. After treatment with 0.1 N 
HCl for l l / 2 minute, the native sample ga-
ve rise to the formation of much more of the 
lighter component than the ~-dextrin (Fig. 
·GB). After 1 O minutes (Fig. 6C) the na ti ve 
sa mple was all converted to a light fraction, 
but about 75 % of the ~-clextrin remained as 
heitvy component. The light component form-
ecl from the ~-dextrin had a sedimentation 
coeft"i cient o[ about 70, and that formed from 
TABLE III 
Nwnli er of End Gro-ups and D egree 
OF S-A ~1 YLOLYSIS 
En el 
B-Amyloly -
Gl ycogcn groupc l!-
~ -AmyloJ y. sis after acid 
(%) s is <' ( % ) trcatmcnt b 
(o/o) 
a ti ve Ji ver 6 .90 40 53 
Syntheti c 6.75 42 57 
a Mca sured ·as clcscribecl under Experim ental Pro-
cedure. 
h Th c acid lrcatment of native ancl synthetic glyco-
gcn was carried out in 0.1 N HCl at 37<:> and 1009 
rcspcctively. Thc time of treatm ent was sufficient t¿ 
dccrca e the initial molecular weight of about 250 
.mi ll ion to about 8 million . 
native glycogen was, as usua l, t·he lOOS com-
ponent (Fig. 6D). 
Synthetic glycogen also decreasecl in mole-
cular weight but did not give rise to a lighter 
componen t. 
Glycogen fJ"Om other sources. Glycogens 
from severa! other sources than rat liver were 
preparecl by the HgCl2 method. Toad and 
pigeon liver glycogens were observed to be 
very polycl isperse and to give seclimentation 
curves similar to those from rat liver. On 
treatment with 0.1 N HCl at room terripera-
ture they were found to be degracled rapidly 
to 8 mil lion clalton molecules. 
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The glycogen from rat rnuscle was quite 
d ifTe rcn t sin ce it was nearly monodisperse 
and had sedimen tation coefficients of 90, 100, 
and llOS in dillerent samples. The sedimen. 
tation pattern or one of them is shown in Fig. 
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F1c. 6. - Thc brcakclow n of B-amylase limil dextrin 
o[ nati ve livcr glycogen. The thrcc ~;unples shown in 
A h ad becn prcfractionaled so as Lo ob ta in simil ar 
molecular weigths . . \ cid treatmcnt (0.1 N H CI) was 
ca rriccl out ·at 37'1 for thc indicatcd times. The analy-
t ica l gradients wcrc run at l !í,OOO rpm [or 30 minutes 
c"rcpt for D , whi ch wa s run 2 hours. 
was cxamined b y Buedin g· et al. (14). The 
secl i m en tation cocffi cien t was abo u t 130S, ancl 
observat ions with thc electron microscope 
showed only small molecules. 
Electron microscopy. It was previously re-
poned that the aspcct o[ nat.ive liver and 
synth etic g lycogens was similar when they 
werc stai ned with phosphotungr; tate ancl ob-
served under the e lectron mi croscope (5). 
Howcver, the pictures obtained by this me-
thod are not the same for different gr ids or 
for dil'fere nt zones of the same g-rid . Reissig 
and Bueding (personal commnni cation) cir-
cumvented th is difficulty by spraving the sam-
ples ancl obscrving them separa tely and in 
mixture According to them the synthetic gly-
cogen may offer very different aspects: some 
samples h ave no subunits at all, whereas 
others show subunits that are le •s defin ed than 
in na tive glycogen. 
In order to recogn ize with et"rtainty which 
were the molecules of synthetic glycogen and 
which were those of native live r glycogen, so-
rne experiments were carriecl out on mixtu-
res of light na ti ve and h eavy svn thetic glyco-
gen, on the inversc mixture, and on the se-
parate components. The results are shown in 
Fig. 8. The preparation of synthetic glycogen 
appears to have subparticles, but they are less 
clearly clefin ecl than in native glycogen; and 
the mol ec ules have a more compact aspect. 
Another point which must be cons iclered 
in these obsérvations is tha t syn thetic samples 
may be more or less ramified acorcl ing to 
the preparat ion . Less ramified ~amples, that 
is, those prepared with a relative deficiency 
in branching enzyme ancl which give more 
purple color with iocline, give a more fluffy 
appearance in the clectron microscope 
(Drochmans, personal commu nica tion). 
O 100 200 JOO 400 500 
(S) 
f! G. 7. - Sedimentation of rat muscie glycogcn. Ex-
traction was carricd o u t as inclicated in •"text, and 
grad icnt centrifugations at 15,000 rpm for 120 minu tes. 
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fic. 8. - Electron microscopc pic.Lurcs of nativc liver ami synthelic glycogen. Parl .\ 
corresponds Lo •1 mixture of high molecular weight native glycogen and low mol ecul ar 
wcight synlhctic glycogcn, and Pa1·t E LO the inverse preparation. The observalions wcrc 
carricd out as prcviously describcd (!í ) . x90,0ü0. 
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DISCUSSIO 
A prcvious study (1) of the breakdown of 
native liver glycogen led to the conclusion 
that a small number of the bonds is more 
Jabil e than the r cs t ancl tha n those of syn -
theti c g lycogen. The breakdown yields 
molccules of 8 million daltons so tha t the 
number of such bonds would be about one 
every 50,000 glucosidic residn<:s. The labil-
ity o( these linkages appears t0 b e enhanced 
by a we igh t factor, tha t is, hv the m cchan-
ica 1 pull exerted on thcm. Tl-ie fact that re-
m oval o l' the extern a! branch es by S-amylase 
red uces lability is in agreemcnt with this 
idea . However, there must he some othet' 
on1sc o[ la bi li ty bes ides the weight factor. 
It scems th at the S-limit dextrin has sorne 
bonds which, although they are not as lab ilre 
as tbose o( n a tive glycogen, ;-¡re cleaved pre-
ferentially all(] yicld mol ecule~ o( about 4.5 
million daltons. Furthermor-e, w nthet ic gly-
cogen ca n have mol ecul ar wei¡r,hts as high 
as th e native, hut is no t as labile. 
Severa! poss ihilities ca n be donsidered. 
One is that in na tive livcr glycogen , the 8 
million subpart ides are joined by 11elatively 
long interconnecting chains and produce 
someth ing simil ar to a_ bunch of grapes. The 
breakdown woul d then occur p ref.ercntia lly 
at the interconnecting ch aim. Observations 
with the electron microscopc favor this 
pcssibility since native g lycogen appears as 
a less compact stru cture wi th better defined 
subparticles. However, a n observa tion diffi-
cult to rcconcile with th e e,-rape str ucture is 
th e eHect o !' sonication . The illtte r would be 
cxpccted to produce breakd0wn to the 8 
million subpart icles, but this is not the case. 
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IN VITRO SYNTHESIS OF PARTICULATE GLYCOGEN 
FROM URIDINE DIPHOSPH ATE GLUCOSE 1 
A. J. PARODJ) J. MoRDOH,2 CLARA R . KRISMAN AND L. F. LF.r .. orn. 
ln si ituto de Investigaciones Bioquímicas, Fundación Campomlar 
and Facult ad de Ciencias Exactas y Na turales, Obligado 2490, Buenos Ai1·es, A ·rge:11'tiua 
High moleculaT weight glycogen has been preparecl in vit ro with liver glycogen synthetase 
(uricline d iphosphate glucose: a-1,4gluca n a -4-glu cosyltrans(erase, EC 2.4. 1.11 ) and branch-
ing enzyme (a -1,4-gluca n : a-1,4 g lucan 6-glycosyltransferase, EC 2.4·.1.18) a nd uricline diphos-
ph ate glu cose as glucose donor. The prod uct obtained die! not cli(fer significantly from the 
native glycogen as juclgecl by iocline spectrum, secl imen t3Jtion coe(ficient in sua·ose gradients, 
klncl by the effect of treatment with acid or alkali. Glycogen obtainecl from uriclin e cliphos-
phate glucose cliUereti (rom that prepared with glu cose 1-phosphate as glucosyl clonor. 
The molecular weight of liver glycogen ex-
trac ted in the cold and at neutral pH is very 
high (1-5). Values of 10-1000 million daltons 
have been reported (4, 5). Samples of the 
same molecular weight have been obtained 
in vitro by incubating glc-1 -P3, crystalline 
phosphorylase (a-1,4-glucan: <>rthophosphate 
glucosyltransferase, EC 2.4.1.1.) and purified 
liver branching eníyme (a- 1,4 glucan 6-
glycosyltransferase, EC 2. 4. J . 18) (6) but 
further work showed that this glyco-
gen is different from that isolatecl from li-
ver (5, 7) . Glycogen prepared with phospho-
rylase (glc-l -P-glycogen4) was founcl to be 
more stable to heat, acid and alk ali. The de-
gradation of native glycogen und er such con-
ditions gavc rise preferentialJ y to molecules 
of about 8 miJlion daltons whereas glc-1-P-
glycogen was degraclecl with a progressive de-
crease in molecul ar weight. 
Observations with the electron microscope 
1 This inves tigat ion was supported in part by a re-
scarch grant (No. GM 03442) fro m the Na tional In s-
titutes of Health, U. S. Public H ea lth Sel'Vice, by The 
Rockefell er Foundation· •;¡ncl by T he Consejo Nacional 
ele Investigaciones Cien tífi cas y Técni cas (R . A rgen-
tina). 
2 Career investigator of the Consejo Naciona l de In -
ves tigacion es Cientí ficas y Técnicas. 
3 T he fo llowi ng abbreviations are used : glc- 1-P, d-
g lu cose 1-phosplmte; UDPG, uricline cliphosphate g lu-
cose. 
4 For sim plicity glycogens synthesizecl in vitro from 
glc-1-P and phosphorylase or from UDPG and glyco-
gen synth etase will be referred to as glc-1-P-glycogen 
and U DPG -glycogen, respertivel. 
showed that native glycogen appeared to ha-
ve more loosely joinecl subparticles, giving a 
more open structure (7) . 
This paper reports the !Jreparation and 
properties o[ glycogen obtainecl using UDPG 
ancl glycogen synthetase (UDPG: a-1,4-glu can 
a-4-glu cosyltransferase, EC 2.4.1.11). The sam-
ples obtained in this manner were very si-
milar to those of na tive liver glyrogen as jucl-
ged by the rate of scdimentation and by the 
effect of acid or alkali. 
MATF.RIALS A. D METHODS 
Mataials. The syn thes is of glc-1-P ancl UDPG was 
carri ecl out accorcling to MacDonalcl (8) ancl i\1o(Uat 
(9) respect ively. Yeast UDPG was a gift of C. F. Boeh-
r ingecl & Soehne (Germany) or was purchasecl (rom 
Sigma Chcmical Co. (USA). R acl ioactive UDPG \IHS 
obtainecl from the Radioc.hemical Centre (Englancl) ; 
bovine pancreatic ribonuclease 5 X crysta lline type l-A 
was purchasecl Erom Sigma Chemi m l Co. (USA) and 
was dissolvecl (l O mg per ml) in glycylglycine buffer 
o( pH 7.75. Native liver glycogen wa~ obta inecl by ex-
traction with phenol as described by Laskov and Mar-
goliash (lO) , with some mocli(ica tions. The preparu-
tion of g lycogen from glc-1-P was carriecl ou t as cles-
cr ibed by Mordoh et al. (6) . 
Analyt ical. Molecula r weigh t determin1ations were 
carriecl out by centrifugation in sucrose grad ienls as 
previously describecl (5). The caliLration data were 
the same. R adioactivity w1as m easurecl using Bray (ll) 
so lution ancl a scintillation counter. Glycogen was 
measured according to Kri sman (12) . Glycogen syn-
thetase was assayecl as clescribed by R othlll'<lll ancl 
Cabib ( 1 3) with sorne moclifications. 
Enzymes. Ra t- l iver branching enzyme was prcparcc! 
a~ descri becl by Krisman (14) but the livers were 
thoroughly perfusc-cl with 250 mM sucrose, 5 mM 
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EDT.\. Crystalline phosphorylasc /¡ lrom mbbit mus-
ele was obtainecl accorcling lo Fist hcr et al. (15). 
I.it•e¡ glycogen synth etase. This enzyme was pre-
parcd as fo llows: Rats weigh ing about 300 g were 
fastecl ror 48 hr. In orcler to clecrease glycogen con-
tcnl as mu ch <JS possible, insulin , which is known to 
prod uce glycogenolysis in liver, was injected intrape· 
ritonca ll y (20 units) ami the animals were kill ed l 
hr htler. The excised livers werc perf used with a so-
Jution containing 250 m"! sucrose, JO mM mercapto-
el hano l, 5 mM EDTA , and then homogeni zed in 5 
vol o[ a simil ar soJu tion but conraining 880 m M 
sucrose. The homogenatc was centriluged at 96,0ü0g 
for 3 hr. The precipilate was discarded ancl Lhe su-
pernal ant fluid was centrifuged at l 50,000g for 3 hr. 
Th e small pellet was resuspenrl ecl (three livcrs in 
abo ul l mi ) in the solu tion used [or homogeniza-
lion. The resulling preparation was louncl to be sta-
b](' for weeks whcn kcpt at -209 and coulc\ be frozen 
ami thawed repeatedJy without loss of glycogen syn-
thetase activi ty. lt hac\ so me bran cbing ac tivity a nd 
on ly traces of a -amylase. No glycogen was cletect<lble 
in 1 he preparations as judged by colorimetric tests 
but acceptor activity co uld be detectecl b y carrying 
out mcasurements of glycogen synthctase kl ctivity wi-
thout added glycogen. The molecul?r weight of this 
cndogenous acceptor mnst be less lhan 5 million dal -
tons since glycogen of that molecul ar wcight is 90 o/o 
sedi mentable wh en c.entrifuged at !:l6,000g for 3 hr in 
880 mM sucrosc. 
Glycogen synlhesis from UDPG. A lypica l in cuba-
tion mixture containecl O.l l M glyc) lglycine buffe r of 
pH 7.73, ·i4 mM mercaploellm nol , 5.5 mM glu cose 6-
phosphate, 22 mM EDTA (pH 7.0), 0.02 .mg of KOH-
glycogen, 0.1 M U DI'G , 10 ,ul o[ ribonuclcase S_2)J,t-
lion , 150 ,ul of glycogen sy nth etase ancl 150 ,ul o( the 
branching enzyme, in a total volumc of 450 ,u!. The 
prcscnce of eh loride ions was avoiclcd in Ol'<ler lo k c,~p 
a-amy l·ase ac ti vity ~s low as possible. 
.\fter 5 hr 1at 37<>, water was addcd to makc 5 ml 
~nd the mixture was Cl"lllrifugecl Jl 2,000 rpm for 
5 min. The supernatant fluid was sl1 aken with 2 ml 
of walcr-saturated ph enol ancl centri fu ged as before; 
lh e phcnol was re -ex lracled with 5 ml of water. Th c 
lwo ac¡ uco us laycrs werc mixed and 2 vo·l of e thanol 
wcrc added. The precipitate was dissolved in water 
a!HI di a lyzecl O\'ernight aga irt st water in thc cold 
room. T he supernata n t fluid obtained after Gentrifu -
galion (2,000 rpm , 10 min) was precipillatecl with 
cthanol. A drop of sa turatecl ammonium acelale wa~ 
adrlcd in ord cr lo obtain goocl precipit~tion . 
RESULTS 
Propertzes of glycogen prefJared from UD-
PG. Previous attempts to pr·epare high mole-
cular weight glycoge n with UDPG and glyco-
gcn synthetase failed because the enzyme pre-
parations were not active e nough or contained 
amylase. U nder the conditions given in M e-
thocls glycogen is lormed with a yield which 
ofte.n reached 50 % of the theoretical based 
on UD PG added. The glycogen formed was 
diHicult to free from nucleic acids and, to fa-
cil i tate puri rica tion , ribonucle :~se was added 
to th e reaction mixture. 
The iodine spectrum of the product form-
ed was almost the same as tha t of native gly-
cogen aml clearly different from that of amy-
lopectin (Fig. 1) , Treatment with salivary 
a-amyl asc gave rise, as expected, to the for-
mation of maltotriose and maltose and undcr 
thc action o[ ~-amylase , rnaltos~ was formed. 
The mol ecular weight distribution of a 
sample is shown in Fig. 2. Most of the sub-
sta nce is o[ very high molecular weight. The 
curves varied in clifferent experiments (see 
also Fig. 4A) but did not cliffer much from 
those of na ti ve Ji ver gl y cogen. 
A comparison of native, UDPG-glycogen 
a nd glc-1-P-glycogen was ca rriecl out by m ea-
suri ng the decrease in a bsorbance in 0.1 N 
ac id at room temperature or in 0.1 N alka li 
a t l 009. Previous work (5, 7) hacl shown 
tbat under these conditions glt-1-P-glycoge n 
ca n be dearly clistinguished from n a tive sam-
ples, because the latter is more labile. As 
shown in Fig. 3, UDPG-glycogen and native 
glycogen were found to behave exactly the sa-
me, whereas th e turbidity of glc- 1-P-glycogen 
decreasecl more slowl y. 
Anotber way o[ following the clegradation 
o[ glycogen is by graclient centrifugation. 
Previous work (5, 7) had shown that acid or 
alkali treatment of na tive glvcogen g ives risa 
p rderentia lly to molecules of about 8 million 
daltons, whereas gk-P-glycogen showed a pro-
gressive decrease in molecular weigllt. 
T he action of acid on native f?;lycogen and 
~ IDPG-glycogen is shown in Fig. 4. Before 
20 
400 450 500 550 
Wavelength (m)J) 
F1c. l. - Jod in e spcctra of liver g lycogen , amylopcc-
tin a ncl UD PG-glycogen. Conclitions ~as described by 
Krisma n ( 1 2). Absorban ces at 500 m ,u are takcn as 
JOO '7o . Full circl es: native liver glycogen ; emply cir-
cles: ~myl opectin ; triangles: UDJ>G-glycogen. 
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~· tC. 2. - :Molecular weight distribulion of glycogen 
prepare~! with UDPG as glucosyl clonor as clescribed 
in i\fcthods. The number in parentheses represents 
the pcrcenuage glycogen in thc pcJJet. This corres-
ponds LO glycogen of sedimentation coeHicient higher 
than !J5üOS plus that whi ch seclim enls along the walls 
of the tube. 
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Ftc. 3. - The a·ction of ac.id ancl alkali on nativc 
g lycogen, !JDPC-glycogen ancl glc 1-P-glycogen. Absor-
b<lncc was measurecl at 500 m¡t. A: 0.1 N H CL ut 
2:W; B: 0. 1 N NaOH at 1000. Full circles: nati ve gly-
cogen; -cmp ty circl es: DPG -glycogen; Lriangles: glc-
1 - ]> gl y cogen. 
ueatment both samples gave ~imilar curves 
(Fig. 1A). After 30 sec in 0.1 N acid at 379 
a peak appeared at about 260S (Fig. 4B) and 
a Lter 5 min nearly all the popul a tion had be-
come light (Fig. 4C) . A fine comparison o[ 
the light p eak was obtained by centrifuging 
Ior a Jonger time. In this W"J.Y sl ight differen-
ces were detectable between the two samples. 
It can be observecl in Fig. 4D that at 30 sec 
the light peak of UDPG-glycogen is more po-
lyd isperse than that of the na tive. After a S-
or 10-mi n trea tment (see Figs. 4E and F) the 
peak val u es were 150S and l OOS for UDPG-
glycogcn and native glycogen, respectively. 
These values corresponcl to 13 and 8 million 
claltons. The results of alkaline treatment a re 
shown in Fig. 5 A to D . Both na tive glyco-
gen aml UDPG-glycogen were appreciably de-
gradcd after 1 min ancl became progressively 
lighter. To appreciable differenre between the 
two sa mpl es was observable. However, a [ter 
5 min in 0.1 N alkali a t 1000 the nat ive sam-
ple showecl a small peak at abo u t ll OS which 
1-vas absent in the sample synthesized in vitJ·o. 
The result o[ a more clrastic alk aline treat-
ment (33% KOH at 1009 for 20 min) is 
shown in Fig. 6. Both samples gave rise to the 
format ion of a glycogen of ::1pproximately the 
same mol ecular weight (8 million daltons). 
A comparison o[ the decomoosition of UD-
PG- ancl glc-1-P-glycogens pr~du cecl by heat-
ing at a pH o[ about 5 is shown in Fig. 7. 
I t can be se en tha t the initi al curves were 
very similar but after hea ting a peak at about 
180S was formed from UDPG-glycogen whe-
reas glc-1-P-glycogen was only slightly degrad-
ecl. 
Treatment with 8 l\I urea , which is currentl y 
used for breaking hyclrogen bonds, procluced 
no appreciable changes on the UDPG-glyco-
gen samples. The treatment was carriecl out 
at g79 for lO min. It h ad been observecl before 
(5) that native glycogen is slightly cl egraclecl 
after 7 da ys in 8 M urea. 
e ., 
u .._ ., 
~ untreale~,dJ95i 
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600 1200 
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F1c. 4 . - The action of acid on native glycogen ancl 
UDPG-glycogen. Full line: na tive glycogen; dottecl 
line: UDPG-glycogen. A: before treatment; B-F: a[-
tel incli catccl times in 0.1 N HC1 at 379. The centri-
fugation tim e w1as: A-C: 33 min ; D -F: 121 min . 
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FtG. 5. - The ac tion oE a lka li on na tive glycogen and 
UDPG-glycogen. F ull line: native glycogen; dotted 1ine: 
UDPG-glycogen . A: befare treatmen t; B-D : aEter in-
dicated times in 0.1 N NaOH 1a t 1009. T he Q'!n triEu-
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F1c.. 6. - The action of a1kali on native glycogen ancl 
UDPG-g1ycogen. Full line: native glycogen; dolled li-
ne: UDPG-glycogen. The original samples were the 
same as those shown in Fig. 5A. They were treated 
with 33% KOH for 20 min at 1009. The analytim1 
run in sucrose gradient was for 121 min. 
Effect of dilution. If high molecular weight 
glycogen is íormed by entanglcment oí mole-
cules during synthesis it might be reasoned 
that if the reaction is carried out in a d ilute 
sol u tion, the resulting glycogPn should be 
lighter. The result · of such an experiment is 
shown in Fig. 8. One of the incubation mix-
tures was diluted six-íold with water and in-
cubated a longer time so as to reach the same 
final yielcl o( glycogen. The diluted sample 
gave high molecular weight gly,:ogen whereas 
the control clid not become as heavy in the 
time allowed for the synthesis to take place . 
The results were, therefore, the opposite (rom 
those expected from the entapglement h ypo-
thesis. No explana tion for the result has been 
yet found. 
Glucose l -phosphate as donar. The pro-
clu cts obtainecl from glc- 1-P ancl UDPG un-
der the same conclitions were studiecl. One 
sa mple was synthes ized with UDPG as donor 
<t.ncl another with exactly the same incubation 
mixture except tha t UDPG was replacecl by 
glc-1-P plus ph osphorylase and ad enosine 5'-
l 
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l'IG. 7. - La bili ty oE UDPG-and glc- 1-P-glycogens. 
The samples were heated at 1009 for 15 min in 0.1 M 
Tris-HC L buffer oE pH 7.2 (the pH at 1009 is about 
5). Fu ll circles: befare treatment; empty circles: af-
ter heating. Full l ine : glc-1-P,glycogen; clotted l in e: 













Sedimentation Coefficient (S) 
¡:,c. 8. - Glycogen synthesis in a {.lil uted reaclion 
mixture. Full circles: glycogen fonued from UDPG 
as describcd in text. Empty circles: glyoogen formed 
with the same mi-xture but diluted six-folcl wilh wa-
ter. Thc incubation Limes were 30 ancl 96 min, res-
peclively. Raclioaclive UDPG was nsecl and glycogen 
co:1tent 1\··as estimated by its radioactivity. Total syn-
tbesis was 15 % higher in he unJiluted sample. 
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monophosphate. Although the extent of syn-
thesis was the same, the molecular weight 
di.stribution was completely different, the glc-
1-P-glycogen being lighter (Fig. 9) . It was 
checked photometrically and by gradient cen-
trifugation that the effcct of acid on this 
sample was the same as on .~lc-1-P-glycogen 
prepared as previously described (5, 6). It 
should be pointecl out that the glc-1-P-glyco-
g·en can reach higher sizcs if KOH-glycogen is 
omitted in the incubation mixture. 
It can be predicted that the final molecu-
lar weight should be inversely proportional to 
the amount of acceptor molecules pres·ent when 
the reaction is startecl. Therefore one expla-
nation of the fact that the glycogen formed 
with glc-1-P is lighter than that obtainecl from 
UDPG, would be that sorne reagents (glc-1-P, 
phosphorylase or adenosine iJ'-monophospha-
te) contained acceptor molecules. This possi-
l>ility was excluded by control experiments in 
which each of these substanccs were found to 
produce no changes in the mol ecular weight 
c!istribution when adcled to íncubation mix-
ture in which UDPG was the glucose donor. 
Variations in tlze incubation mixture. The 
omission of glucose 6-phospha te in the incu-
bation mixture clicl n<lt. cha 1ge appreciably 
the molecular weight clistribution. However 
since the glycogen synthetase is only about 
SO % active without glucosc 6-phosphate the 
rate of synthesis was slightl y ~lower. Ribonu-
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Frc. 9. - Molecular weight distributions of glycogen 
formecl from glc-1-P and UDPG. Full circlcs: glc-1-P 
as gluco e donor; empty circlcs: UDPG as glucose 
donor. The reaction mixtures werc as described in 
Methocls for UDPG but one sample contained syn-
thetic glc-1-P (270 nur), adenosine 5'-monophospha-
te (4.4 nnr) ancl crystalline phosphorylase b instead 
of UDPG. The amount of glycogen formed was prac-
tically the same in bolh cases. 
because clifficulties were experienccd in the 
purification of glycogen ancl the main conta-
minant appeared to be nucleic acicls. The 
distribution curve of glycogen obtai ned with 
'or withou t ribonucleasc was the same. 
In sorne experiments synthetic UDPG was 
used as donor instead of UDPG isolatecl Irom 
yeast. The glycogen obtained was the same 
with the two samples as judgecl by molecular 
weight distribution and acid or alkaline hy-
clrolysis. The reason for carrying out these 
tests was that UDPG isolated from natural 
sources may contain other nucleotide sugars 
and that the intracluction of a resiclue diff.e-
rent from glucose might be important in giv-
ing glycogen its lability. 
DISCUSSION 
A comparison of the glycogen synthesized 
in vitro from UDPG with that extractecl from 
liver has shown that both exhibit similar mo-
lecular weight distribution. The rate ~nd type 
of breakdown in acid or alkaJine solutions is 
also the same with only minor differences. 
The glycogen obtaincd from UDPG is clear-
ly diHerent from that prepared with glc-1-P. 
The latter is more stable and its molecular 
weight is lower when both are synthesi1.ecl 
under conditions in which the amount of ini-
tial acceptor and of transfer are equal. These 
Iacts raise two problems. One is the explana-
tion of the lability which has been discussecl 
in a previous paper (7), ancl the other is the 
difference in molecul ar weight of the glyco-
gens. 
It was suggested pr,eviously that the labi-
lity of native glycogen might be due to the 
]Jresence of rcsidues clifferent Irom a-1,4 and 
a- 1,6-glu cosyl, or to sorne particular distribu-
tion of the monomer units. 
It does not seem likely that glycogcn pre-
parecl in vitm Irom pure UDPG contains any 
other residue but glucosyl. However since the 
enzyme preparation is not !:mre it cannot be 
excl uclecl that sorne unusual kind of linkage 
could be Iormed. \ 1\Tith reference to the second 
problem, that is that for thc sJme amount of 
acceptor ancl of synthesis, the glycogen ob-
tained from UDPG is much heavier ancl poly-
clisperse than that prepared with glc-1-P, no 
clear explanation is as yet available. The dif-
ference in the procluct obtainecl with the two 
enzymes may be connected to their diffcrent 
specificity towarcls the acceptor. 
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The transfcr of labellecl glucose Irom UD-
PG into a phosphorylase limit clextrin was 
studiccl by Brown et al. (16) . The raclioactive 
product was clebranched with a pullulanase-
type enzyme ancl it was Iouncl that only 2% 
raclioactivity was releasecl from thc enlarged 
11mit clextrin (9). Therefore, transfer Irom 
UDPG occurs on the main chains only. On 
the other hand Brown et al. (17) studied th e 
action ot oligo-glucan-tran~ferase-amylo-1,6-
glucos idasc on phosphorylase limit dextrins 
enlargccl with glc-1-P ancl concluded that 
phosphorylase adds randomly to all the non-
reclucing groups. They also observecl that the 
limit clextrin enlargecl with UDPG gave mo-
re color with iocline than that grown from 
glc-1-P. That is as if transfá Jrom UDPG lecl 
to the formation of longer branches. 
Further evidence showing that glycogen 
synthetase aclcls glucose only to some of the 
exterior chains of glycogen is providccl by 
the work of Kind t ancl Comad ( 18) . They 
found that with an enzyme from Aerobacter 
aerogenes and aclenosinc cliphosphate g lucose 
as donor, l·ess than half of the non-reducing 
ends became glucosylated. 
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DOLICHOL MONOPHOSPHATE GLUCOSE: AN 
INTERM.EDIATE IN GLUCOSE TRANSFER I LIVER * 
N. H . B E HRENS t A D L. F. LEL IR 
T!:slilulo de J¡mest igacio11rs BioquíiJiicas. Fundación Ca111polltar 
and Facultar! de Ciencias lc~ aclas y Naturales, Obligado 2490, Buenos Aires, Argl!n'lina 
Ab LJ·act. The mi ro omal fract ion o[ liver 
has been founcl to catalyze glu cose transfer 
from UD PG toa lipicl acceptor which a ppears 
to be iclentical to the com pound obta ined by 
chem ical phosphorylation o[ clolichol. T h e 
su bsta nce formecl (do! ichoi monophosphate 
g l u cose) is a ci d la bile a ncl y ie lcl s l ,6-a nh ycl ro-
gl ucosa n by alkaline treatment. I t can be u ·ecl 
a-; substrate by thc enzyme wstem yielcling a 
gl ucoprotein which is ubsequently hidrolyzed 
lO g l u cose. 
One of the most important developments in 
the field o[ sacch aricle biosyn th es is has been 
the discovery of lipid intermediates in ugu 
trans[er reactions. The stud ies o( Wright 
r•l al. 1 on 0 -a ntigen ancl o[ Higashi el al. 2 
on peptidoglucan synthesi in bacteria how-
ed that polypreno l p yrophosphate sugars are 
formed by transfcr from nucleoticle sugars a ncl 
su bsequently act as clonors (or polysaccharid c 
formation. As shown by Scher el al., 3 simibr 
events occur in i\1. lysodeih licvs where man-
nose is [irst tra nsferred from GDP-mannose to 
untleraprenol monophosphate ancl thcn to 
mannan. In animal tissues an enzyme h as 
been clescribecl which cata lyzes mannose trans-
fer from GDP-ma nn ose to a lipicl. 4 
In thc coLme of work with. UDPG it has 
now been found that liver contains enzymes 
which cata ly1e the following reactions: 
in ce the rate o[ formation of glucosylatecl 
acccptor lipicl by reaction (l) is proportional 
to the acceptor li p icl adcled, the latter coulcl 
be estima ted and p ur i(ied. The preparatiom 
obtainecl coulcl be usecl as substrates for reac-
tion (2). This direc t tran fer from the lipid 
i ntermed iare h as only been dctected in few 
cases. Evidence i presentecl inclicating that 
the acceptor lipicl is- clolichol monophosphate. 
Dolichol 5 is a polyprenol pre~ent in a nimal 
tiss ues which has 16 to 21 isoprene units, the 
fi rst b cing sa turated. 
i\fateriaTs and MeM10ds. R eru!enls: UD PG 
l;¡beled in thc glu cose with 14 ~was preparecl 
<~ccord ing to the methocl oE \Vr ight ancl R ob-
bins 6 with slight moclifications. Dolichol was 
prepared From pig liver. The extract ion ami 
alumina chromatograpby was performed as 
de cribed by Burgos el al. 5 The fractions were 
analyzed by thin-layer chromatography with 
chl oroform as solvent. Tho e which containc<l 
a substancc h av ing an R t o[ about 0.45 ancl 
giving a green color with the anisaldehyde 
reagent were pooled ancl purificat ion was per-
formed by preparativc thin-layer chromato-
graphy, first with ch loro[orm and then with 
petroleum ether (309-659) -i opropyl ether, 
80:20 (re f. 7). After each run the dolichol wa 
ext r<~ctcd from the si lica gel with ethyl ether. 
The purity o[ the sa mple was checked by thin-
layer chromatograph y ancl its iclentity by its 
infrarecl spectrum. Phosphorylation of cloli-
chol was performecl u sing trichloroacetonitri-
le as conclcnsing agent. s, 9 Afte1 the reaction 
the mixture was clriecl in vacuo. extractecl with 
chl oroform-methanol and washecl. 
U OPG + acceptor lipid ~ C -acccptor lipid + l 1DP 
C: -cccptor lipid -i-- protci n -7 acccptor Jipid + G-protein 
(1) 
(2) 
(3) G-prolcin ~ G + protcin 
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1,6 Anhydroglucosan was prepared by heat-
ing salicin in 1 N IaOH for JO hr at 1009 
aud neutralizing with Dowex 50 H +. This 
preparation contained salicin and 1,6-anhy-
droclucosan. After chromatography· with sol-
vent A (see below), the substances could be 
visualized with the alkaline silver reagent. lO 
Hoth compounds react slowly. The R gtu cosc of 
anhyclroglucosan variecl in different runs bet-
ween 2.2 and 2.8 . Salicin hacl a 20 % higher 
mobility. 
Chromatogmphy: The iollowing solvents 
were used for silica gel thin-layer chromato-
graphy: (A) chloroform-methanol-ammonia-
water, 80:30:0.5:3; (B) chloro[orm-methanol-
formic acid-water, 70:18.5:8:0.5 (ref. 11); ancl 
(C) chloroform-methanol-water, 65:25:4. The 
solvent for paper chromatography was (D) 
n-butanol-pyridine-water, 6:4:5. Polyprenols 
were visualized with the anisaldehycle reagent 
and lipids with iodine or fluorescein. 7 Lo-
ca li7ation of the acceptor lipid was perform-
ed by removing l cm zones Irom the plates 
followed by extraction with chloroform-me-
thanol, 2:1, containing 0.6N HCI. The sam-
ples were then washecl and assayed for acoep-
tor lipid as described below. 
P1·epamtion of the enz.yme: Rough and 
smooth rat liver mio·osomes wer·e prepared 
according to the method of Moulé et al. 12 
The smooth fraction was usually more active 
than the rough but both were used and were 
very stabl·e if kept frozen with 0.25 M sucrose-
0.01 M glycylglycine. The concentration was 
adjustecl so that 1 ml corresponded to 1 gm 
o[ fresh liver. 
Assa)' for lipid glycosylalion: A sample of 
·acceptor lipid in chloroform-methanol was 
mixecl with 5 ¡.tl of 0.1 M. Mg-EDT A (prepar-
ccl by neutral i;ing ethylenetetraacetic a cid 
with MgO) , mixed thoroughly, and clried in 
vacuo. The components of the reaction mix-
ture were then aclded. The final concentra-
tion was: 0.2 M. glycylglycine, pH 7.5, 0.1 M 
mercaptoethanol, 0.6 % Triton X-100, l4C-
UDPG (125,000 counts/min, 205 ,...c;,...mole). 
ancl 20 ¡.tl of cnzyme in a final volume of 50 
¡.tl. Before aclding the enzyme, the lipid was 
emulsifiecl with a vortex mixer. After incu-
ba tion at 379 [or 15 min, 0.4 ml of methanol 
;~nd 0.6 ml of chloro[orm wer·e aclcled. The 
protcin precipitate was separa tecl by centri[u-
gation ancl after aclding 0.2 ml of 4 mM 
MgC:I ", the chloroform phase was washed as 
described by Folch et al., 13 dried on plan-
chets, ancl countecl. 
Prepamtion of ,the accep¿o¡- lipid: Ground 
pig liver was treated with 2 vol of acetone 
ancl fil terecl . The clry residue was extracted 
with 3 vol of chloroform-methanol, 2:1, and 
fil tered. The extract was macle 0.1 N in N a OH, 
and incubatecl 15 min. at 379. Sufficient HCl 
was then adcled to give a concentration of 
0.1 N in free acid. After refluxing for 15 min, 
thc chloroform layer was washed according 
to the technique of Folch et al. 1,'1 The ex-
tract was then poured into a DEAE cellulose 
column in the acetate form. 14 The column 
was washed with chloroform-methanol, 2:1, 
ami then elutecl with 0.1 M ammonium ace-
ta te, pH 4, in chloroform-methanol, 2: l. Frac-
tions which contained acceptor lipid activity 
were pooled, washed free from ammonium 
acetate, and concentrated. Further purifica-
tion was achievccl using silica gel thin-layer 
chromatography with solvent systems A and 
H in succession. Before preparing the plates, 
the silica gel was treated with 5 % HCl in 
ethanol , filterecl , and thoroughly washed with 
cthanol. Acceptor lipid was elutecl from the 
chromatograms with 0.6 N HCJ in chloroform-
methanol, 2: l. 
R esults. - Glucose tmnsfer to lhe acceptor 
lipid: Incubation of the enzyme preparation 
with UDPG labelecl in the glucose moiety 
and acceptor lipicl lecl to the appearance of 
raclioactivity in the chloroform-soluble frac-
t ion. In orcler to find out if phosphate is also 
tt'ansferred, a parallel incubation with ~3zp_ 
labelecl UDPG was macle. The results were as 
follows: 
gluc:ose Lransf:erred from 14C-UDJ>G 3.7 ¡.;¡.¡.mole 
phosphale Lr3nsferrecl from 32P-UDPG ü.03 ¡.¡.¡.¡.mole 
lt was conclucled, therefore, that only glu-
ccse is transferrecl. 
The conditions for glucolipid formation are 
shown in Table 1. The reaction is increasecl 
by Mg + + but hardly at all by Mn + +. The 
glucosylation is inhibitecl completely by ED-
T A aclclecl in excess of Mg + +, ancl by UDP. 
Deoxycholate or Triton X-lOO usually dou-
blecl the yield of glucolipid. 
The fact that addition of acceptor lipid 
ga ve more chloroform-solu blc radioactivity 
was used for its estimation. As shown in Figu-
re 1, glucosylation was proportional to the 
omount of acceptor lipid acldr.cl. 
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TABI.E J . OfJtimal ronditions for lifJid gl ~tcosy /ation 
R caction mixture 
C:om pl ete 
Minus acceptor lipicl 
Minus Mg +_+ 
15 mM Mn ++ insteacl of Mg-+:+ 
Minus cleoxycholate 
J'v[inus meraap toethanol 
Complete plus 4 mM UDP 









Rc<:~ ct ion mixture and assav as d E"Scribcd in J\tfat e·ria ls rmd JHC'th orls cxccpt that 8.5 m~I EDTA was 
addcd as sodium ~al t , Mg + + \\- ~l" 15 ;nM, and Triton X - lOO "·as replacrd by 0,4 % deoxycholate. 
The radioactivity in the lipid increased at 
first with the time of incubation and decreased 
subsequently due to its simultaneous disappea-
rance through reaction (2) . Therefore accu-
rate meas u remen ts of the rate of the glucosy-
la tion reaction could not be obtained. Expe-
riments in which the clifferent fractions of 
livcr homoge nates were measurcd showed 
that th e ac tivity was distributed in all the 
particulate fractions, but the microsomes were 
always more active. Estimations in the smooth 
ancl rough microsome fractions showed no 
great differences in act ivity but usually more 
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fiG. l. - Glycosylation as a function of acceptor lipid 
concentra tion. Increasing amounts of purified acceptor 
lipicl wcre added to th e reaction mixture and gluc-
osylalion was assayed ~as described in Materials wnd 
ilf etlwds. A purified sample of acceptor li piel (0.53 
¡.L1110\e of phosphate j ml ) wtas used. 
P1'0perties and purification of the acceptor 
lipids The acceptor lipid was founcl to be so-
luble in chloroform methanol and in buta-
nol but spaTingly soluble in elhyl ether or 
acetone. The solubility characteristics were 
those of a phospholipid . Treatment with l N 
acid at 1009 for six minutes, or 0.05 N alkali 
<H 1009 for Iive minutes el id not affect accep-
tor activity. Since it was retainecl by DEAE-
cellulose it was concluded that the acceptor 
lipid is an acid. Its behavior on t hin-layer 
chroma tography agrees with this conclusion. 
It remained at the origin in alkaline but 
moved in acid solvents. In solvents A ancl B 
the Rf was O ancl 0.75, respectively. Acetyla-
tion had no effect but methylation with diazo 
methane destroyecl the acceptor lipicl activity. 
Treatment with Br, or Fe + + + inact ivated 
the acceptor lipid completely. 
Purification o[ the acceptm lipid could be 
achieved by clecomposition oF other lipids 
with alkali ancl acid, followed by DEAE-cel-
lulose ancl thin -layer chromatography. Howe-
ver, considerable losses were often experienced, 
particularly during thin-layer chromatography 
presumably duc to tLe presence of Fe + + + in 
the silica gel. Most of the Fe + + + coulcl be 
removed by first wash i ng wi th ethanol-HCl. 
In this manner co nsiderable purification was 
obtainecl (Table 2) . The procluct of the last 
purification step gave only one spot after 
thin-layer chromatography with solvents A 
ancl B. Thc purified preparations containecl 
organic phosphate in a form which was only 
released uncler clrastic conclitions. 
TAili.E 2. Pw·ification of acceptor lipid. 
Cruel e ex tra ct 
.-\ftc.,. alkaline ami acid treatme nt 
DEADE-ccllulose 
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Prope¡·ties of the glucosylated a.cceptor li-
pid: The glucosylated acceptor lipid is acid 
labile. In n-propano! at 1000 with 5 per cent 
trichloroacetic a cid or in 0.00 l N HCl, it 
is completely decomposed in five minutes. 
Comparable treatment but at pH 6 had no 
effect. The course of the breakclown at 189 
in chloroform methanol containing 0.1 N HCl 
is shown in Figure 2. U nder these conditions 
methyl glucosicle is formed whereas in more 
ag ueous solvents glucose is formed as juclged 
by paper chromatography with solvent D. 
In no case was any galactose detected. 
Alkaline treaunent ('15 min_ at 1009 with 
1 N NaOH, in aqueous n-propano!) was 
found to decompose ·the radioactive glycosy-
lated acceptor lipid so that the radioactivity 
became water soluble. The compound for-
med clid not migrate in clectrophoresis and 
moved faster than glucose during paper cluo-
matograhy with solvent D. After extracting 
it from the paper and heating at 1000 in 0.5 
N acid Ior two hours, it was transformecl in-
to a substance which had the mobility of glu-
cose. 
Since alkaline clegraclation in water gave 
thc same compouncl as in n-propanol it coulcl 
e 
be excl uded that the prod uct Iormed was a 
glucosicle. Its migration during paper chro-
marography with solvent D was comparecl 
with that of 1,6-anhyclroglucosan and it was 
found that both éompounds behavecl in the 
sarne manner. The rate o[ formation of 
1,6-anhydroglucosan unde1: milder conditions 
(0. 1 N Na OH at 64°) is shown in Figure 2. 
Transfer from the glucos:vlated acceptor li-
pid: Incubation of the glucosylated acceptor 
lipicl with the ensyme preparation at 309 in 
the presence o[ 1.3 ,per ccnt Tri ton X -1 00, 
leads to the changes clepictecl in Figure 3_ ll 
is apparent that the radioactivity which at 
the start is soluble in chloroform methanol, 
becomes insoluble, an<l then gradually beco-
mes water soluble. These reactions do not re-
require Mg+ + _ 
Thc nature of the compound. formecl first 
has not been settled definitely but it appears 
to be a protein. T1·eatment with tricl!lomare-
tic acid did not solubilize the radioactive com-
pound. Phenol at 65o extracted most of the 
niClioactivity. Acicl hydrolysis (1 N SO,He for 
30 min at 1000) lecl to the liberation of glu-
cose from the compound. Treatment Ior 
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FIG. 2. - Acid ancl 1alkaline clegraclation o[ the glucosylated acceptor lipid . . \ cid treatment o[ 
l4C-glucosyl acceptor Ji piel: 0.1 lii HCI in chloroform methanol. 2: l at 189 . .\t tbe indicated 
times, samp1es of the reac,tion mixture were withclrawn, washecl free from water solubl e 
products as clescribed unde1· Materials and Methods, evaporated in a scintillation vial , ancL 
the raclioactivity of the remaining glucosyl acceptor 1ipid measurcd aftcr cliswlving in Bray's 
solution 15 Alkaline treatment: 0.1 M NaOH in n-propano! at 649. Samples were washecl 
after addition of sufficicnt chloroform to give a twophase system ancl HC1 to make thc sol-
ution slightly_ acicl. 
FIG. 3. - 'J'I·anfer from tbe glucosylated acceptor 1ipid. Glucosylated acceptor lipid was in-
cubated at 309 with 50 ¡.d of microsomal enzymc and thc {ollowing reaction mixture: 7m;'.f 
Na-EDTA , 0.14 M glycyglycine, pH 7.5, 0.07 M mcrqaptoethanol, and 1.28% Triton X-100. 
The reaction was stopped by acldition of l ml of cbloro(orm methanol, 2:1 , ancl 0.25 ml o( 
4 mM MgCI,. After ccntrifugation the precipitate appearecl at the chloro(orm-water inter-
phase. The water was sucked off, the chloroform phase clecanted, and the remaining precipitate 
washed with butano!, transferred to a scintillation vial, ancl countecl with Bray's solution. 
Both the cblorofonn ancl the aqueous phases were counted in a gas flow counter. Gounts 
measurecl in the scintillator were correctecl to the flow-counter e!Ticienc.y multiplying by 0.75. 
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the form<1tion of a substance which seemed 
to be different from the known amino acid-
sugar compounds. This point will be stuclied 
lurther. 
The reaction in which the radioactivity o[' 
the insoluble fraction becomes water soluble 
(reac tion 3) is presumably catalyzed by a glu-
cosidase beca use the reaction product is ma in-
ly glucose. 
Synthetic dolichol phosplwte: The infrared 
spectra of purifiecl preparations of acceptor 
lipicl had sorne similarities with that of doli-
chol. 5 However, the preparation of pure 
specimens of acceptor lipid was not easy, so 
that a short cut was attemptecl. The unsapo-
nifiable fraction of liver wa~ phosphorylated 
as describecl in Materials ond Methods. The 
prepara tion obtai ned was active in the assay 
for lipicl g lu cosylation. Phosphorylation of a 
pure sample of clolichol a lso gave a protluct 
which reacted as acceptor in our test. The 
compound obtainecl by the chemical phospho-
rylation o[ dolichol is the same as the accep-
tor isolated Jrom liver as judged by the follo-
wing criLeria (a) They both acted as glu-
cose acceptors from UDPG when incubated 
with the liver enzyme; (b) Both resistecl acid 
treatment (5 min in l N acid at 1000); (e) 
They gave the same Rr_9}1 thinlayer chromato-
graph y with solvent B (Rt = 0.81). Compa-
rison of the two compouncls after enzymatic 
glucosylation showed that (d) both released 
their glucose after five minutes at 1000 in 
0.01 N HCI in 50 per cent n-propano!; (e) 
both were decomposed with alkali (1 N Na 
OH in 85 per cent n-propano] , 10 min. at 
1 009) and gave compounds wh ich migrated 
like 1,6-anhyclroglucosan durmg paper cluo-
matography with solvent D; (!) They had the 
same Rr on thin-laver chromatograpby with 
Solvent C (0.20); (g) When incubatecl with 
the enzyme as clescribed in Figure 3 the syn-
thetic compound behavecl the same as the na-
tural compouncl. That is, the raclioactivity 
was transferrecl to the insoluble material and 
appeared afterwards in the aqueous phase. 
Discussion. Incubation of the microsomal 
fraction of liver with UDPG Jeads to a series 
or glucose transfer reactions. The first acceptor 
of glucose is a lipid which has the same pro-
perties as the compound obtainecl by phospho-
rylation o[ dolichol. The enzvme trat catalyzes 
this transfer can use both the natural acceptor 
lipicl ancl synthetic dolichol phosphate. The 
glucosylated compound formed from both ac-
ceptors appears to be the same as judged by 
the lability to acicl ancl alkali and by its beha-
vior during thin-layer chromatography. Fur-
thermore, both the natural and synthet ic accep-
tors resist acicl treatment uncler conclitions 
where a pyrophosphate group woulcl be hy-
drolyzed. 
The compounds isolated from bacteri<t 
behave in a c\i[[erent manner towards arids. 
Thus undecaprenol phosphate which is in-
volved in mannan synthesis loses 80 per cent 
of its phosphate by heating at 1009 at pH Z 
for 20 minutes. 16 This difierence is proba-
bly clue to the fact that phosphate in unde-
caprenol phosphate is labiliLed by the allyl 
structure to which it is bound, whereas in do-
lichol the first isoprene unit is saturated. 
The eviclence indicates therefore that the 
natural acceptor lipid is clolichol monophos-
phate and following the current nomenclatu-
re for nucleoticle sugars, the glucosylated com-
pouncl can be called dolichol monophospha-
te glucose (DMPG) Nfany free polvprcnols 
cliffering in chain length, clegree o[ sawration, 
ancl in the number ot cis a nd trans groups 
have been isolated from cliC[erent organisms ~7 
so that it seems likely that, as in the case o[ 
sugar nucleotides, a large farnilv of polypre-
nol phosphosugars con tain i ng va rious sugar 
<mcl polyprenol mo'ieties will be founcl. Fur-
thennore, compounds with e ither one or two 
phosphates have alrea cl y been lound, so that 
the variety of possible intermediares is even 
larger. 
T n formation on the type o[ 1 inkage of the 
glucose in the glucosylated lipid can be de-
duced from the alkaline degraclation. It is 
known that aryl glycosides yielcl 1,6-anhydro 
sugars by alkaline treatment and that enhan-
ced reactivity is found when the OH group 
at C " of the sugar is trans to the aglycon. 18 
Since the glucosylated acceptor lipicl yields 
1,6-anhydroglucosan even [aster than salicin 
(0-glucosyl-0-hydroxybenzyl alcohol) it seems 
Jike ly that it also has a ~ -linkage. 
Data on the nature o[ the proclucts form ecl 
by transfer [rom the glucosylatecl acceptor Ji-
p iel (reactions (2) and (3) are preliminary) . 
One of the few proteins which contain gluco-
&e is collagen ancl transfer from UDPG has 
been stuclied. 19, z.o However, in tmr case, no 
glucosyl-galactosyl-lysine could be cletected as 
alkaline degraclation procluct ot G protein as 
would be expected if the product of reaction 
(2) were collagen. 
Stuclies on the nature o[ the proclucts [orm -
ed Irom dolichol monophosphate glucose ancl 
simi lar transfer reactions with other sugar 
are in progress. 
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THE ROLE OF DOLICHOL MONOPHOSPHATE 
IN SUGAR TRANSFER 1·2 
N. H. BEHRJ:: 1$ 3, A. J. PARODI 3, L. F. LELOJR AND C. R. KRlSMA 
h.stituto de llwest igaci .mes Bioquímicas, Fundación Campomar 
"J he speci(icity o( thc ll'a nsfer o( monosaccharicles from sugar nucleoticles lo dolicbol mono-
phosphate catalyzed uy livcr microsomes was stuclicd. Besides uricline cliphosphate glucosc, 
uridine diphosphate-1 -acetylglucosam ine and guano ine cliphosphate mannosc were found 
to act as donors for the formation of the respective do li chol monophosphate sugars. riclinc 
diphosphate ga lacostc and uriclinc diphosphate- Lacetylgalactosaminc gave negative rcsults. 
The optimal concl itions (or transfer from clolichol monophosphate .gluco e to endogenons 
acceptor was determined. Studies werc carried out on thc glucosylation oE cera mide by brain 
cxu·ac,ts ancl o[ collagcn by skin cnzymes in order to find out i[ dolichol monophosphate 
glncose is an intermetlia Le in these reactions. The 1·esults, while not definite were not in 
favor of this k1SSumption. 
A polyprenol phosphate containing eleven 
i5oprcne res idues has been found to be in-
\olvccl in the synthesis of various cell wall 
components in bacteria (l-3). 
·vvork with animal tissues (4) has shown 
that a compouncl believed to be the mono-
phosphate of dolicilol has a role in sugar 
transfer. Dolichol (5) is a po lyprenol contai-
ning about twenty i oprene residues, the first 
o[ them being saturatecl. The following reac-
tions werc found to be catalyzed by liver mi-
CJ-osomes: 
l ' DPG + lHIP ---7 ])~fPG + UDI'; 
D~!I'G + R ---7 D'IP + G'- R ; 




The id en ti ty of Di\LP was rlecluced by com-
paring samples purified from liver with pre-
parations obtained by chemical phosphoryla-
tion of purified dolichol. The formation o[ 
UDP in R eaction (1) was not proved, but 
this compound was founcl to be an inhibitor 
1 ll is a pleasure to dcclicate this paper to f. Ly-
ncn lor his birthday. Il is fortun:llc that Di\1 P su-
gars ha1e a lipophylic po lyprene parl which relates 
them to Dr. Lynen's main interest while it also hns 
a ca rbohydrate part in keeping with onr own field 
o[ rcscarch. L.F.L. 
2 Thi~ invcstigation was supportc:J in part by a 
rcsc~rch grant (No. G'[ 03442) from the , ational 
lnstitutes of H 0alth , U . S. Public H ea lth Servioe aml 
by the Consejo ;\1acional de Investigaciones Científicas 
y Técnicas (R . . \ rgentina). 
3 Career investigator o( thc Consejo ! ' acional de 
In1 estigaciones Científi cas y Técn1 cas. 
o[ Dl\IPG Iormation. The second stcp (Reac-
tion 2) coulcl be measurecl separately {rom 
the first and was found to have no specific ion 
requirements in contrast to the first step (Eq. 
l ) in which Mg2 + ions are necessary. 
The na tu re o[ the compound reprcsen-
ted by G-R in Eq. (2) has not been deter-
mined. 
There are reports in the literature indi-
cating that lipid intermediates may be in-
volved in the formation o[ glycoproteins, but 
no direct trans(er (rom glycolipid to glyco-
protein has been reported. Thus Caccam et al. 
(6) and Zatz and Barondes (7) detected the 
formation of an acid lahile mannolipid a(ter 
in cubat ion o( GDP-mannose with variou ani-
mal enzymes. Similar] y Tetas el al. (8) des-
cribed a liver microsomc sy tem whid1 cata-
lyzes the synthesis o( acid labile lipids of man-
nose, N-acetylglucosamine, N-acetyLgalactosa-
mine, ancl galactose. As a ontinuation of our 
previous work in this fielcl, severa l aspects 
of thc problem have been studiecl further. 
Tests with several sugar nucleotides with 
DMP as acceptor and liver micro omes, show-
ed that derivatives of N-acetylglucosamine and 
mannose werc (ormed. Studies were also car-
riecl out in order to ascertain the optimal con-
ditions o[ transfer from DMPG and also, to 
determin e whether it is involved in the glu-
cosylation of ceramide and collagen. 
4 Unusual abbrevi·ations: 
phosphate; Di\1PG, do lichol 
DOC, socl ium <leoxycholale; 
phatc gl ucose. 
D~fP, dolichol mono-
monophosphate glucose; 
DPG , uridine diphos-
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Subslmles. Raclioactivc UDPG 311LI UDP-galaclosc 
werc preparcd as clescribed by " ' right ancl Robbins 
(9) . They were separatecl by paper rhromatograplw 
in morpholinium borate (JO). UDP-N-acetylglucos-
amine ancl UDP-N-ar.etylgalactosamine (both U-14C 
labell ecl in the sugar moiety) wcrc purchasecl from 
New England :t\uclcar Corporation. GDP-mannos•; 
(U-14C-mannose) was a gift from Dr. Susana PasJe-
ron. 
~atura1 Di\J P was prepared as describccl prcviously 
up to thc DE.\E-cellulose step (4-) . S)mthetic samplt>> 
wcrc obtainccl by chemica l phosphoryl.ttion of clolichol 
(4) as clcscribccl by Popj<1ck el . ni. ¡11). In orcler to 
decomposc dolicholpyrophospatc, the :caction procluct 
was head in n-butano! containing 1 N HCI for 7 
min at 10ú9 extractecl with chloroform: methanol (2: 
1) ami, washecl according to Folcbel al. (12) . . 
Radioactive Di\fPG was preparecl by in cubation of 
!il'er microsomes with UDPG-14C and DMP ras pre-
' iously describcd (4), followed by cx traction with 
chloroform: methanol (2 :1 ). Ceramide-glucon was a 
gift from Dr. R. Caputto. 
Aualylical me/ hods. l'rotein was detcrmined as des-
cribe-el by Lowry el al. (13) with bovine serum 
albumin as standm·d. 
Chroma:tography . The following solvenls wcre used 
ror thin-1aycr chromatography on silic.1-gel platcs: (A) 
chloroform: melhanol : water (60 :20: ~; (13) the same 
as the preceding, but the silica gel was suspended in 
! 'le soclium borate; (C) cloroform:methanol:water (84: 
15: 1); (D) cloroform: methanol :watrr (65:25:4). Fo.r_ 
paper chromatography the so lvent used was: (E) mr: 
tanol: pyridinc:water (fi:4:3) ( 14). 
Enzym es. Li' er mio-asomes werc prcpared as cles-
cribed in a previous paper (4) . The final protein 
l'Oilccntration was 30-90 mgj ml. Newborn rat brain 
microsomes were prepared as describecl by Basu el al. 
( 15) up LO the 20.000 g cenlrifugation step. The 
pellct from 2 g of brain was resuspcnclecl in 0.5 ml 
ol thc so lution used for homogenization (F tGS. 6 and 
7) or in 0.5 mi of 0.1 111 glycylglycine buffet·, pH 7.8 
(Fig . 8) . S k in enzyme wtas preparccl by homogeniz-
ing the skin from newhorn rats in 0.25 ll! sucrose, 
1í mM EDTA, ;md 10 mM 2-mercaptoethanol with a 
con ical g lass homogenizer. The homogenate was pas-
sed through chessecloth ancl centrifugecl at 10'0 g for 
10 min. Th c pellet was resuspended in water. 
Assa)' jn-ocedures. In the incubation mi-xtures, D;\IP 
or Di\iPG plus ;'.fg-EDTA, l\IgCI ,, or Na-EDT.-\ were 
aclcled first ; the tu bes were driecl under reduced pres-
sure, ancl then the remaining components were raclded. 
RESULTS 
Reaction o[ DAIP with various sugar nu-
rleotides. As shown in Table l, in cubation of 
J;¡bcJecl GDP-mannose or UDP-N-acetylgluco-
samine under the conditions previously used 
for DMPG Iormation (4), gave rise to the 
appearance of radioactive lipid. Natural and 
syntbet ic DMP werc equally effective in in-
crcasing- the formation o[ radioactive lipicl. 
TABLE I 


















?\'onc Natural Synthctic 
D~ll' DMl' 
( pmoles o[ sugar 
Lrans(crrcd) 
3.5 32.0 29.4 
2.0 lú.8 10 .0 
20.J 24ú 2~3 
o.:> 0.6 0.6 
o o o 
a The incubation mixtures contained: 90 mM 2-
mcrcaptocthanol , 0.36 M glycylglycine buffer, pH 7.8, 
055 % Triton X-100, 9 mM Mg-EDT.\ , 9 nnr ;'.fgCI,, 20 
¡.d o[ enzyme, natural or synthetic Di\ll' (conta ining 
13 and 3.4 nmolcs o[ total phospl~3 te, rcspectively) 
aml radioactivc sugar nucleoticles in a total I'Oiumc of 
5.; ¡.ti. ,\[ter 20 min at 379, the mixture was proccssed 
a., prev iously describcd for Di\fPG (1). The specific 
ra.dioactivity o[ th e sugar nucleotide~ wcrc (in Ci f 
mole): UDI'G and UDP-galactose, 309; UDL'-:\1-acetyl-
glucosaminc aiHI UDL'-:\'-ac.ctylga l,actosa minc, 43; GDP-
lnannose, J. 
None was formed from UDP-N-acetylgalacto-
samine or UDP-galactose. 
In other experiments UDP-glucuronic acid 
was testecl and Iouncl to give sorne incorpora-
tion into lipid with natural DMP but none 
when synthetic DMP was usecl as acccptor. 
ADP-g-lucose also gave negative resu!Ls. The 
fac that DMP stimulates inco!"poration o[ su-
gar into the lipicl fraction, suggests Lhat th c 
compounds Iormed are the DMP cl er ivatives. 
Furthermore the products obtained Irom tbe 
incubations with GDP-mannose and UDP-N-
acetylglucosamine wiLh natural Dl\1P gave on-
ly one raclioactive peilk after thin-layer cluo-
maLOgraphy (solvent D) having Lhe samc 
RF as DMPG (0.20-0.25). 
PmjJerlir>s of the different DMP sugars. The 
course of decomposition of thc clifferent DMP 
sugars in 0.1 N acid in chloro[orm: methanol 
is shown in Fig. J. The rate is slightly higher 
for thc mannose derivative than for DMPG. 
The N-acetylglucosamine containing com-
pound was co nsiderilbly more stable. The 
reason for th is clifference is di fficult to \m-
clerstand. Glucosaminides are known to be 
m ore acid-stable tban other g-lycosicles. and 
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this is a ttributecl to the action of the positive 
-NH + group in the vicinity o[ the bond to 
be hyclrolyzed (16). However, when the -NH2 
is substitutecl as in N-acetylglucosamines, tht 
Tate o[ hydrolysis is not very clifferent from 
other glycosicles. Comparison o[ the acid h y-
clrolysis o[ UDPG ancl UDP-N-acetylglucosa-
min e or glucose 1-phosphatc ancl N-acetylglu-
cosamine 1-phosphate showecl that the N-ace-
tylglucosamine clerivatives were about two ti-
m.es more stable, but differencc~ were not as 
grea t as those shown in Fig. J. D MP-N-acc-
tylglucosa mine was completely clecomposecl by 
heating for JO min at 1009 in 0.01 N sulfuric 
acid in 50% n-propano!. The products ob-
taine:l were spottecl on paper ancl developed 
with solvcnt E. The radioactive peak from 
1 •• 
ACETYL GLUCOSAMINE 
o 20 40 60 80 lOO 
MINUTES 
l ' tc. l . - ,\cid trca unent of D~IP sugars. The DMP 
sugars wcre treatcd with 0.1 N HCl in ch1oroform: 
methanol (2 :1). ,\ fter different tim es at room tcmpe-
rature, thc solutions were washécl tl1ree times with 
l'olch's thwrctical uppcr phasc (12) ~J.nd countcd. 
hydrolyzed DMP-N-acetylglucosamine migrat-
ed 20A cm while acetylglucosamine migrated 
20.3, glucosamine, 12.5, and ¡:?)ucase, 15.2 cm. 
The product of hydrolysis bchavecl, there[ore, 
like N-acctylglucosamine. 
It was reportecl previously (4) that DMPG 
is decomposecl by alkali givin~ rise to the for-
mation of 1,6-anhydroglucosan. The mannose 
ancl N-ace tylglucosamine derivates are also 
decomposed by alkali but slightly more slow-
ly than DMPG. Thus after heating at 1009 
Ior lO min in 0.1 N NaOH, the amount cle-
composed ( ~~) was as Iollows: DMPG, 100 
per cent; DMP-N-acetylglucosi'fmine, 74 per 
cent; an d DMP-mannose, 45 per cent. The 
fact that the glucose-containing compound is 
more labile than th e others may be under-
stood by comparison with the data on the 
alkilline clecomposition of ~-aryl glycosides. 
The reaction is faster with the ~-glucosicles, 
which can (orm the 1,2-anhydridc as int·erme-
cliate. The formation of this compouncl re-
quires an OH tmns to the aglycone so that it 
is not formecl with mannosyl or N-acetylglu-
cosaminyl derivatcs (17). The identity of the 
proclucts formed by alkaline treatmcnt of the 
mannose and N-acetylglucosamine clerivatives 
has not been investigated ye t. 
No transfer from DMP-N-acctylglucosamine 
or DMP-mannose coulcl be cletectecl when 
these compouncls were incubated with micro-
somes under conclitions in which D?\IPG 
reactecl ra piel] y. 
D l\-TPG, DMP-mannose, ancl Dl\IP-N-acctyl-
glucosamine were also formed with the brain 
microsomal cnzymes under the same concli-
tions of Table J. 
Cond ·tions for tite l1m1S[er fmm D!IIPG. Ir 
was reportecl previously (4) that trans(cr 
[rom DM PG takes place on incubation of 
liver microsomes at 309 ancl with a relatively 
high detergent concentration, but no clctailecl 
study of the optimal conditiom h ad been car-
ried out. 
l\Ici'tsurements of the transfer to the inso-
luble [raction (insoluble in chloroform: me-
tha no], ancl tri eh loroacctic a cid) at different 
pH values are shown in Fig. 2. Maximal rate 
was obtainecl at pH 7.8 with 50% values at 
a bou t 6.3 a ncl 8.3. 
The optimal detergent concentration 1s so-













F1c . 2. - Optimal pH for the transfer froh D~li'G. 
The tubes. contained: 0.1 M Tris-malcate buf(ers o[ 
different pH, D\'IPG (4200 cpm, 207 Ci j mole), 8 mM 
EDTA, 40 mM 2-mercaptoethanol, 0.6% Triton X-100 
ancl 0.47 mg of microsomal proteim in a total volume 
of 50 ¡d . .After lO min at 30':>, 0.4 mi of rnethanol ancl 
0.6 ml of chlroform were adclecl. After centrifugation , 
the precipitare was dried in va cuum , then l ml of 5 7< 
trich loroacetic a cid was aclclecl ancl the precipitare was 
washecl twi ce with l ml of n-bu~anol. resuspen.ded in 
Bray solution (24) ancl counted. 








l'JG. 3. - Optimal conoentration o( detergent. The 
incubation mixtures were the same as in Fig. 2 except 
that )he pH 7.8 buffer and di[[erent detergent con-
centrations were used. Tubes with 0.47 mg of wicro-
somal protein weJ·e incubated for 15. min (Fig. 3A) 
and 12 min (Fig. 3B) at 300 while those with 1.88 mg 
were incubated 4 and 5 min, respectively. The sam-
ples were processed as describeu in l'ig. 2. 
ferent optimal values were obtained when 
different amounts of enzyme were u ed. As 
~hown in Fig. 3A, the optimal Triton X-100 
concentration changes from 0.75 to 2.25 % 
with a fourfold increase in enzyme. The cor-
responding values for sodium deoxytholate 
were 0.3 and 0.90 % (Fig. 3B) . Addition of a 
chloroform: methanol extract of the micro-
some Iraction also produced a displacemen.t. 
of the optimal detergent concentration. The 
explanation of these changes may be that 
there are substances that fix detergent thus 
lowering its eflective concentration. No acti-
vity was detectable if detergents were replaced 
by various amounts of organic solvents sud1 
as ethanol, n-propano!, isopropanol, rz-butanol, 
or tert-bu tv 1 alcohol. 
' . 
Time curves with Triton X-100 or DOC 
at different temperatures are shown in Fig. 
4 A, B. At 359 the formaLion of product cea-
~es after 5-10 min, and the amount clecreases 
thereon. This clecrease is due to the libera-
tion of glucose (4) . At 259 the formaLion of 
product continues for a longer time and rea-
ches a higher maximum. These curves sug-
gested that the enzyme became inactivated 
during the reaction. This possibility was test-
ecl directly by preincubation experiments, the 
results o[ which are shown in Fig. 5. In the 
presence of cither DOC or Triton X-100 at 
309, the activity decreascs rapidly with a baH-
time o[ approximately 9 and 6 min, respecti-
Ye!y. No loss of activity occurred on preincu-
bation for 20 min without detergent. 
Table II shows thc results oblained after 
incubation under different conditions. It may 
be observed that the activity obtained with 
DOC is nearly double that obtained with 
Triton X-100. These results are sim ilar to 
those shown in Fig. 4,ancl 5. Manganese, which 
is required in many transfer reactions from 
sugar nucleotides to proteins (6, 18-23) acted 
as an inhibitor. Magnesium ions were slightly 
inhibitory, and addition oE UDP or UDPG 
was without effect. No activity was detectable 
after hea ting the enzyme for 5 m in at l 009. 
1.200 TRITON X·IOO 0,75% 
lOO O 
E 800 o .....,25° 
A B 
5 10 15 20 o 5 10 15 20 
MINUTES 
Flr.. 4. - Temperature clependence o[ the glucose 
transfer to the cloro[orm:methanol ir.soluble material. 
The tubes contained 0.1 M Tris-maleate buffer, pH 
7 8, 4ü mM 2-mercaptoethmlOI, 8 mM EDTA , DMPG 
(33 600 cpm, 207 Ci ,t mole), 3.76 mg oi entyme protein 
ancl 0.75 % Tri ton X-10'0 (Fig. 4A) or 0.30o/o DOC (Fig. 
4B) in a total volume o[ 400 ¡.¡,!. Aliquots o[ 5ü ~ti 
wcre t<tken a[ter cti[ferent times at the indicated temp-
eratures ancl processed as describcd in Fig. 2. 
• 
2.5 NO DETERGENT J 
':> o 





5 10 15 
PRE-INCUBATION TIME (MINUTES) 
FIG. 5. - Inactivation oE the transferring enzymes by 
detergents. Three different preincubation mixtures 
were usccl. The first containecl ü.l M 2-mercaptoetha-
nol, 2.35 mg o E m icrosomal protein ancl 0.1 M Tris-
malea te bu[[er, pH 7.8, in a total volumc o[ 250 ,u!. 
The · second ancl third mixtures conlained the same 
components plus 0.6 '¡;, Triton X-lOO and ü .2o/o DOC, 
rcEpecively. Aftcr diHerent preincubation Limes at 301', 
50-,ul aliqunts were taken [rom the mixtures ancl 
trans[erred to tnbcs to which DMPG (4200 cpm, 207 
Ci .f molc) and 0.4 ,umole of EDTA lmd b een previously 
acldecl ancl clricd uncler reducecl pr~ssure. The aliquots 
[rom the [irst incubalion mixture were supplemcnted 
with DOC to gi1'C a final concentration of 0.2 '/o . The 
tu bes were then incu batee! for 20 min at 230 ami pro-
r.essod as clescribecl in F1g. 2. 
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TA BLE li 
TRA <'SFF.R FROM DMPG TO THE C IILOROFORM: 
.\Ln\ll.'-0\.. "\ ::OL~"'"Y>\.S.. ~ \TI~. O. 
Final con- cpm in 
ccntration precipitatc 
Complete 960 
- EDTA 880 
+ i\fnZ + 10 tnM 270 
+ Mgz+ lO 1111~ 1 550 
+ UDP JO nnr 900 
+ UDPG 20 mM 925 
Triton X- lüO + DOC ü.2 % 1940 
- Triton }:- lüO + DOC 0.5 '7o 1580 
- Tri ton \ .-lüO + DOC l o/o 470 
l-Ieatcd emymc (5 m in at 125 
100\l) 
Nonincub3ted 105 
a The co mplete system was the same as in fig. 
2 but with the pl-1 7.8 buffer. Tbe índimtcrl concen-
trations of l\fg2+ and MnZ+ are th c excess over the 
adcled EDTA . After 30 min at 30\l, the tubes were 
processecl as dC"scribecl rn )."ig. 2. 
Transfer with the skin enzyme. One of the 
Iew glycoproteins which contain glucose is 
collagen. The transfer reaction from UDPG 
to collagen h as been stu'died by Bosmann and 
Eylar (18) with a guinea pig fetus skin en-
zyme ancl by Spiro and Spiro (19) with kid-
ney glomerular basal membrane. An experi-
ment in which transfer from UDPG to protein 
and lipid was measurecl is shown in Table 
lii. Gelatin was used as a protein acceptor. 
U ncler the conditions for transfer to collagen 
(18) that is with MnZ+, raclioactivity was 
incorporatcd to protein and about fourfolcl 
more in the presence of gelatin. DMP pro-
clucecl no change. Uncler the conditions fa-
vorable Ior DMPG formation no radioactivity 
was Iound in protein. DMP increased raclio-
activity in the ch1oroform-solublc fraction un-
der both concli tions. 
Many tests were carriecl out uncler varied 
conditions in orcler to obtain transfer to pro-
tein from D 1PG with the skin ·enzyme. The 
results werc negative. The preliminary con-
clusion was that DMPG is not an interme-
diate in the glucosylation of collagen by the 
skin enzyme. In orcler to test if the acceptor 
protein of the liver systcm is different from 
collagen two rodioactive proteins were pre-
pared (a) with skin enzyme, gelatin, ancl 
UDPG, and (b) with DMPG and liver en-
zymes. The products were hydrolyzecl in 2 N 
TABLE III 
Tran sfer from UDPG with the Ski11 
En1. _tttte(l 
Cond itions DMP Gelatin 
cpm in cpm in 
protcin lipid 
A. Transfer to + + o 48ü 
DMP + o 70 
+ o 500 
o 80 
B. Tra nsfer to co l- + + 4200 480 
la.gen + 4500 250 
+ 1200 240 
1000 HO 
~ The incubation mixtures contained: (A) 5 mM 
l\Ig-EDTA , 5 mM MgC l,, 0.2 M glycylglycine buffer, 
pl-1 7.8, 50 niM 2-mercaptoethano1, 0.3 o/o Triton X· 
100, UDPG (150 000 cpm, 309 Ci j mole), rlJiltural 
DRP, 2 mg of gelatin and 50 ¡.d of skin enzyme in 
a total vo1ume of lOO 1'1; (B) 20 mM l\[nCl,, 0.01 % 
T rilon X-100, 0.1 M acctate bu(f.er, pl-1 5.8, UDPG 
(150 000 cpm, 309 Ci j mo1e) , natm al DMP, 2 mg 
of gel a tin aml 50 l'l of skin entymc in a totaJ 'o-
lume of lOO 1'1. After 30 m in at 379, thc reactions 
were stoppcd by thc adclition of 0.1 ml mctlmnol 
p lus 0.6 ml of chloroform. The solu b:c fractions wcre 
washccl accorcling to Folch et al. (12) ancl countccl. 
The insolubl e fractions werc washcd twice with 0.5 
ml of 0.1 o/o phosphotungstic acid in 0.5 N HCl, twice 
with ü.5 ml of 66 o/o cthanol and cuu nted. 
KOH for 20 hr at 1009. Paper electrophoresis 
at pH 7.8 (0.1 M potassium phosphate) show-
ecl that the skin product had a positive char-
ge while the product of the liver enzyme was 
ncgatively chargecl. They were, therefore, 
clearly cl ifferent. 
Brain enzymes. The microsomal Iraction 
from chick embryo brain catalyzes the trans-
fer o( glucose Irom UDPG to ceramiclc (15). 
Experiments were carried out with a similar 
enzyme preparation from newborn rats in or-
der to find out if DMPG is an intermecliate 
in this process. 
Ccramicle-glucose is relatively acicl-stable 
while DMPG is completely hyclrolyz-ecl in 45 
min at room temperature in chorofonn: me-
thanol (2:1) containing 0.1 N HCl so that the 
two compounds can be easily clistinguished. 
The result of incubating the brain enzyme 
with raclioactivc UDPG in the presence of 
DMP ancl Mg2 + is shown in Fig. 6A. A con-
siderable amount of radioactivity appeared in 
the chloroform: methanol soluble fraction. 
Both acid-stable ancl labile compouncls were 
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forme<!, ancl alter 45 mw there was about 
50 ° ~ of each. 
Magnesium ions are required for the trans-
fer from U DPG to DMP with the liver en-
.t:) me ('1). On the other hand, trans[er to ce-
ramide has been reported to h ave no specific 
cation requirements (15). As shown in Fig. 
GB, in the presence of excess EDT A, the for-
mation of the acicl-labile compound was com-
pletely inhibited, while the svnthesis of the 
acid-resistant one was hardly affectecl. Uncler 
the conditions oi Fig. 6B, exog·enously added 
D.\fPG was only slightly metabolized, but no 
chloro[orm: methanol soluble acid-stable ma-
terial was formed. 
U nder the cond i tions o[ Fig. 6A, the pre-
sencc o{ Di\lP gr-ea tly stimulatecl the forma-
tion of the acicl-labile compound while that 





o 10 20 
MINUTES 
30 40 
] ' IG. G. - Glucose transfer Lo a chlorúform: methanol 
soluble material by brain microsomcs. The incuba-
tion mixtures conlaincd: (A) Synthelic DMP, 8 mM 
::\fgCL, 8 mM i\lg-EDT.\, 0.5 '7o Triton X-100, 0.33 l\1 
glycylglycinc buffer, pl-I 7.8, 250 ~d of enzyme ancl 20 
nmoles oE UDPG (207 Ci j mole) in a total volume 
of GOO ~ti. (B) The same components cxccpt thal 
instcad o[ ?lfgCI, ancl \Jg-EDTA lile mixture con-
taincd 33 mi\1 Na-EDTA. Aliquots o[ 50 ~-ti wcre ta-
ken aftcr different times at 379 an•l placed in tubes 
containing 0.5 mi of chloro[onn: melhanol (2 :1) plus 
120 ¡Ll of ~ 42 ml\f KCI, 2 1 ml\f EDTA solution. The 
Jnwcr phasc was washecl three times with 200 ¡Ll of 
chloroform: methanol: 0.1 i\I KCl (3:47:-18) ancl ca-
refull y pourcd off to othcr tnbes in order to sepa-
rate the precipitatcs. The Jower phasC' was then di-
Yicled in two halves, a for total and /; for acid-stab lc 
radiba ctivity. Samplc b was macle up to l ml with 
chloroform : metha nol (2: 1) and 20 ,ul of 5 N HCl 
werc added. Aftcr 45 min at room lempet,a ture, llw 
samplc was washed twice as dcscril_,ed above. Thc 
radioactivity a-/1 was takcn as that of acid -l,ahilc com-
pounds. 
7) . This inhibition of the acid-resistant in-
corpora tion is possibly due to sorne su bstance 
in the DJ\IP solution and not to a competi-
tion between botL1 substrates (DMP and ce-
ramicle) for UDPG, because the same inhi-
bition occurrecl in the conclitions of Fig. 6B, 
that is in the presence of excess EDTA where 
no incorpora tion to the aCÍ'd-labile compound 
was detectable. 
The icl entity of the compounds formed was 
es tabli shed as follows. Thin-layer chromato-
graphy (solvent D) o[ the procluct obtained 
uncler the conditions described in Fig. GA 
in which both acid-labile and stable com-
pouncls were formecl by the brain enzyme, 
gave two peaks o[ raclioactivity (RF = O.G3 
ancl 0.2) . H the samples were treated with 
milcl acid before chromato~raphy, only the 
Iast p eak appeared. This substance seemed to 
be ceramicle-glucose since its mobility in three 
el i fferen t sol ven ts (A, B and C) was the same 
as that o[ a ceramide-glucose standard and 
beca use i t gave gl u cose by he a t i ng with 2 N 
BeSO, for 4 hr at 1009 (identified with sol-
ventE). The acicl-stable compouncl formed in 
the presence or absence of MP;2 + or of DMP 
seemecl to be the same as j udgecl by the abovc 
mentioned criteria. 
As to the slow moving, a cid-la bile su bsLan-
ce, its properties are those of DMPG. Its mo-
bility during thin-layer chromatography wu 
the same (solvent D, RF: 0.2) . As a furtltcr 
criterion of identity, the substance was trea --~1,.,..__ 
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Flr.. 7. - Stimulation by DMP of the incorporation 
LO the chloroform: mcthanol soluble acid- labile frac-
tion. The incubation mixtures conuctinccl: 8 mM i\fgCI,, 
8 mM i\fg-EDTA, 25 ¡Ll of enzyme, ü-5 % Triton X-
lOO, 0.33 M glycylglycine buffer, pH 7.8, 4 nmoles 
of UDPG (207 Ci ,l mol e) and diEferent amounls o( 
S)n lhetic Di\JP in a total volume of 60 JLL After O!) 
min al 3i9 thc tubes were proccsse-i <•S dcscribecl for 
the 50 JLI aliquots in Fig. 6. 
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clroglucosan was formecl (identifiecl with sol-
vent E as previously described, Ref. 4). The 
acicl-labile procluct formecl in the presence or 
absence of DMP appearcd to be the same as 
juclgecl by its mobility during thin-layer cl1fo-
matography ancl by the forma tion of 1,6-an-
hydroglucosan by alkaline treatment. 
The results representccl in Fig. 6 , B show 
that the glucosylation of ceramide proceecls 
in the presence of EDT A while the Iormation 
o[ D i'vfPG is inhibited so that it seems unli-
kely th;H the Iatter is a glucose donor for ce-
ra m ide-glu cose forma tion. 
The hrain extract was a lso examined for 
the presence of the cnzyme which catalyzes 
the trans[er from DMPG to acceptor. As 
shown in Fig. 8, the chang-cs were the same 
as those reportecl bdore for the liver enzyme 
(4). The raclioactivity which is initi a lly all 
soluble in chloroform: methanol (2: 1) was 
transferred to the protein (raction ancl after-
wards appearecl in the aqueous phase. The 
water soluble raclioactivity was iclentifiecl as 
glucose by paper chromatography with sol-
vent E. No chloroform: mcthanol-soluble, 
ac id -stable material was formecl . In the same 
conditions ceramide-glu rbse was not metabo-
li zed . It seems thcre[ore that the mctabolism 
o[ ])j\[PG is the sarne in bra in ancl in liver. 
INSOLUBLE 
PHASE 
20 4 0 60 80 lOO 
MIN UTES 
1'1G. 8. - Thc metabolism of DMPG by brain mi-
crosomcs. The incubalion mixture con tained : 7 mM 
EDTA , 1.6 o/o Triton X-lOO, 0.13 't glycylglycine buf-
fer , pH 7.8 60 mM 2-mercaptoethanol, DMPG (38 000 
cpm, 30') Ci ¡ mol e) ;ancl 600 ~LI of enzyme in a total 
volumc of 83.~ !Al. Aliquots of 100 !Al were taken of 
diffcrcnl times al 30\>. They were proccssed as des-
cribe<! in Fig. 6 for thc 50 !Ll aliquots except that 
thc 0.5 mi o[ ch loroform : melhanol (2:1) contained 
20 ul of a 0.25 M KC/-0125 M EDTA solution. The 
protcin fraction was washed twice with 1 ml of n-
bulanol, resuspcnde-d in Rray solu1 :on (24) and 
cou nted. 
DISCUSSION 
According to the results reponed in this 
paper, DMP sugars contain ing- N-acetylgluco-
'samine or mannosc are formed frmn the res-
pective nucleoticles . These compounds are 
acid-labile like the glucose rornpound, but 
DMP-N-ace tylglucosamine is more stable 
than the glucose derivative. This is a rather 
unexpectecl property since accorcling to the 
data in the literature the rate of hydrolysis of 
B-methylglucosicle is 9.3 times slower than that 
of f~-methyl N-acctylglucosaminide. The rela-
tion is- similar for the a glucosdes (16) . It is 
known that glucosaminides are more stable to 
.acicl presumably due to the effect of the po-
sitive charge on the amino group. Howevcr, 
acid hydrolysis of DNP-N-acetylglu cosamine 
gave N-acetylgl ucosam ine and- not glucosami-
ne. 
As to the utilization of DMP-N-ace tylglu-
cosamine and mannose, nothing is known as 
yet. The rea ct ion from DMPG to acceptor is 
catalyzed by the mi crosome fraction o[ livcr 
ancl brain, but this cloes not occur with the 
other two cornpounds . Probably it i only a 
question o[ fincling the appropriate condi-
r;ons. 
The other qucstion which required inves-
tigation was whether DMPG is involvecl in 
other trans[er reactions. For instance in the 
glucosylation of collagen, ceramicle, aml glyco-
gen. In these cases the a va ilabl e evidence is 
against the participa tion of D i\JPG. 
In the glu cosylation of collagen cata lyzecl 
by skin enzymes with UDPG as donor, it was 
founcl thilt there was no relation between 
transfer to DMP ancl to the protein acceptor. 
The resul ts were not in favor of DMPG as 
in termeclia te. 
The tran_sfer from UDPG to enclogenous 
ceramide to give cerarnide-glucose is catalyzed 
by a brain enzyme. Adclition of DMP increased 
D TvfPG but not the rate of ceramicle-glucose 
formation. Excess EDTA inhibitecl transfer 
to DMP but not to ccramicle. This seems to 
be a Iairly strong eviclence in favor of the 
nonparticipation of DMPG in ceramicle-glu-
cose formation. Similarly, transfer from UDPG 
to glycogen can take place with EDT A con-
centrations which inhibit cornpletely DMPG 
formation (25) . Here again the evidence is 
against the interrnecliate forrnation of DMPG. 
The role of DMP sugars as intermediates, 
therefore, a ppears to be restricted to so me 
reactions, tb e significance of which is not 
known yet. 
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